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Preface

The NASA Lewis general chemical kinetics and sensitivity analysis code,
LSENS, hasbeen described in arecent series of three NAS A reference publications.
This code computes the progress of complex (multistep) molecular processes in a
homogeneous gas mixture for several reaction models. For a static (nonflow)
chemical reaction it also lets the user perform a sensitivity analysis of the reacting
system simultaneously with the chemical kinetics computation. Sensitivity analysis
gives the user the ability to rapidly determine the relatively few individual reactions
that are rate controlling in a system where many simultaneous steps are occurring.
This ability is very useful in the task of mechanism development, especially for the
complicated reactions occurring during the oxidation of hydrocarbon fuels. The
significant effort now being given to modeling gas turbine and ramjet combustors
has made it necessary to understand these oxidation processes so that realistic heat-
release models can be developed. These models are needed as part of the numerous
comprehensive computational fluid dynamics (CFD) computer codes that are
being developed to model practical combustors.

Even if detailed oxidation mechanisms (typically containing 100 or more
molecular steps) were known for even simple hydrocarbon fuels, they could not be
used directly in the present-day CFD codes because execution times would become
impractically long. Therefore, smaller mechanisms have been developed in recent
years for many hydrocarbon oxidations. A common technique is to combine several
molecular steps into a single overall, or global, reaction. The rate expression for a
global step is developed empirically from analysis of experimental data and differs
from that for a molecular step. Mechanisms containing only global reactions or
both global and molecular reactions have been developed. They give good
temperature and heat-release profiles and also a limited number of realistic species-
composition profiles over a limited range of experimental conditions. However,
they lack all the details of a complete molecular mechanism. Of course, the
applicability of such all-global or quasi-global (global plus molecular reactions)
mechanisms is limited to the range of experimental conditions used to develop
them.

So that the LSENS code can be more useful in heat-release computations for
practical combustion systems, two new capabilities have been added to it. The first
is the ability to use both molecular and global reactions in a chemical mechanism.
As far as is known, no other general chemical kinetics code in use today has this
ability. Second, the ability to perform rapid and convenient sensitivity analysis has
been extended to a second chemical model contained in the original LSENS,
namely the perfectly stirred reactor (PSR) model, which is often used to simulate
the backmixing type of reaction in a practical gas turbine combustor. This reference
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publication documents the new code GLSENS, which incorporates both these
additions to the original LSENS code. Chapter 2 discusses the rate equations for
both molecular and global reactions and also presents the derivation of the equations
used to compute sensitivity coefficients for the PSR reaction model. Chapter 3
describes the coding modifications and new subroutines needed to incorporate the
PSR sensitivity analysis equations into GLSENS. It also gives a detailed description
of the modified input for global reactions. Chapter 4 presents nine example
problems that use global and quasi-global mechanisms to compute the course of
PSR and integration problems. Several of the PSR problems illustrate the computation
of sensitivity coefficients using the newly encoded equations. These results are
verified by comparison with sensitivity coefficients obtained by the direct approach
of increasing and decreasing a given parameter and computing the effect on all
dependent variables.

For users who wish to execute several problems in one problem data file, the
appendix presents a set of seven additional test cases set upina single datafile. These
cases illustrate the multiple-case ability of GLSENS, which allows the user to
conveniently perform several computations with the same mechanism in a single
computer run or to easily modify the reaction mechanism and repeat a calculation.

The user will very likely be able to use the test-case files presented in this report
as models in preparing any desired problem data file.

Information about code availability can be obtained from COSMIC, University
of Georgia, 328 East Broad Street, Athens, GA 30602; telephone, (706) 542-3265.
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Chapter 1
Introduction

This reference publication describes a new computer code,
GLSENS, which adds two new capabilities to the general
chemical kinetics and sensitivity code LSENS developed at
NASA Lewis Research Center. LSENS performs complex
chemical kinetics computations for any chemical system and
several different reaction types, including static and one-
dimensional flow reaction, shock-initiated chemical reaction,
and the fully backmixed perfectly stirred reactor. All chemical
reactions are molecular processes whose rates are calculated
from the law of mass action. For static (nonflow) reactions
LSENS also computes, at the user’s option, linear normalized
sensitivity coefficients. These coefficients measure, approxi-
mately, the percent change in any dependent variable caused
by a I-percent change in either a reaction rate coefficient or
the initial conditions of the problem (e.g., temperature or mix-
ture composition). In the documentation reports for LSENS
(refs. 1to 3) two sets of ordinary differential equations (ODE’s)
are derived. Solving the first set gives the kinetics solution (i.e.,
the temporal variation of all dependent variables). These re-
sults may then be used to solve the second set of ODE’s for the
sensitivity coefficients of the dependent variables in a static,
nonisothermal chemical reaction. Details of the solution of these
equations, as incorporated into LSENS, are also given.

The first enhancement in GLSENS is the ability to use
mechanism reactions that are not individual molecular steps
but combinations of several of these steps. Using these “glo-
bal” reactions loses the fine details of the molecular steps but
can give reasonably accurate predictions of the temperature
profile and heat-release rate as well as important pollutant spe-
cies profiles in a practical combustion system. A major effort
today in combustion research is the theoretical modeling of
such gas turbine and ramjet systems. This task often requires
the numerical solution of the Navier-Stokes flow equations
coupled with models of turbulence generation and heat release
in the flow. For many years oversimplified, unrealistic chemi-
cal oxidation mechanisms have been used in the heat-release
terms of these complicated computational fluid dynamics
(CFD) codes. A detailed fuel oxidation mechanism contains a

large number of molecular steps, and a numerical analysis code
such as LSENS was required for accurate modeling of the heat-
release process. Because coupling a complete complex kinet-
ics code to most CFD codes is impractical, there has been sig-
nificant use in recent years of simplified oxidation mechanisms
containing global reactions, which are computationally rapid
and still realistic. A recent paper by Bittker (ref. 4) surveys the
present status of this work. The important difference between
molecular and global reactions is in the method used to calcu-
late the global reaction rate. A global reaction rate is deter-
mined empirically by least-squares fitting of experimental data
to an assumed formula. To make the GLSENS code useful in
performing practical kinetics computations, the ability to use
global reactions along with molecular processes has been added.
This reference publication discusses the form of the global re-
action rate equation and gives details of its addition to the
GLSENS code. Input changes needed to use global reactions
are discussed, and several test cases using this type of reaction
are presented.

A second new ability in GLSENS is the computation of
sensitivity coefficients for the PSR combustion model, which
is often used as an approximate model of the highly turbulent
gas turbine combustion. The sensitivity analysis method for
nonflow processes, which is part of LSENS, does not apply to
the PSR model. Previous work has shown how sensitivity analy-
sis is an important tool in developing detailed chemical mecha-
nisms for the ignition and oxidation of pure hydrocarbon
components of practical fuels. Early computations by Bittker
(ref. 5) on the lower temperature (~1100 K) ignition of
benzene and toluene mixtures with oxygen first applied the
LSENS technique of nonisothermal sensitivity analysis to un-
derstanding the complex oxidation mechanisms of these aro-
matic components of real fuels. More recent work by Bittker
(ref. 6) and by Emdee et al. (ref. 7) has resulted in significantly
improved benzene and toluene oxidation mechanisms that give
the important molecular steps during the ignition and early heat-
release phases of the reactions. The results of static-reaction
sensitivity analysis can be expected to also give useful



information about the important reactions in a similar one-
dimensional plug flow process in which there is no backmixing.
It would be expected that different reactions are rate control-
ling for the higher temperature, completely backmixed PSR.
To develop oxidation mechanisms valid for the PSR, a conve-
nient method of calculating sensitivity coefficients for this type
of combustion model is needed.

The combustion of several hydrocarbon fuels in a stirred
reactor has been studied both experimentally and theoretically
by several investigators (refs. 8 to 11). In all these papers sen-
sitivity analysis was performed on the chemical mechanism
by the brute-force method. That is, each reaction rate coeffi-
cient was increased and decreased by a fixed small percent-
age, and the kinetics modeling computations were repeated to
determine the quantitative effect on the computed values of
the dependent variables as the ratio 8y;/0k;, where y; is the
dependent variable of interest and k; is the reaction rate coeffi-
cient that is being changed. The quantity dy; is the change in y;
caused by the change 6k; in k;. The computed ratio is a close
approximation to the actual unnormalized sensitivity coeffi-
cient, the partial derivative S;; = dy;/dk;. To avoid these

tedious brute-force computations, a set of simultaneous linear
equations can be derived that is easily and rapidly solved for
the §;; values of all dependent variables. If there are N depen-
dent variables in the problem, a set of N linear equations can
be obtained in the variables S,-j, i=1,2,.N. Of course, the
value of j is fixed for any set of equations. This reference pub-
lication presents the derivation of the equations for the
unnormalized sensitivity coefficients and all formulas for the
matrix elements needed in the solution. A similar set of equa-
tions was also derived that can be solved for sensitivity coeffi-
cients with respect to changes in the initial temperature of the
reacting mixture. The programming changes required to add
this sensitivity coefficient calculation to the direct PSR solu-
tion in the GLSENS code are then described. The results of
several sensitivity analysis test cases are also given and are
compared with results of the brute-force method of calculat-
ing the sensitivity coefficients. Also shown are the differences
found in rate-controlling reactions when the perfectly stirred
reactor is compared with a lower temperature static ignition
reaction for the same chemical system.



Chapter 2

Molecular and Global Rates and Sensitivity
Equations for Perfectly Stirred Reactor

This chapter presents the equations for the net rate of a mo-
lecular reaction as used in the original LSENS code (ref. 1).
The global reaction concept is then introduced and the rate
equation for this type of reaction is given. The second part of
the chapter describes the new equations used in GLSENS to
compute sensitivity coefficients for a perfectly stirred reactor
process. These are linear algebraic equations, whereas the equa-
tions for sensitivity analysis in a static chemical reaction are
linear differential equations. The sensitivity analysis theory for
static chemical reactions is not discussed here because it
applies to both molecular and global reactions. One must only
take care to use the appropriate formulas for the rate of a glo-
bal reaction and its derivatives when calculating the Jacobian
elements in the numerical kinetics and sensitivity analysis
solutions. These formulas, for both molecular and global reac-
tions, are derived in sections 2.2.1.2 to 2.2.1.4 after the deriva-
tion of the PSR sensitivity equations. They are used in all
kinetics and sensitivity coefficient calculations involving both
types of chemical reaction.

2.1 Molecular and Global Rate Equations

In the usual complex chemical reaction a system of NRS
reacting species participates in NR reversible molecular reac-
tions, which are written in the general form

NRS NRS

M+2Vu ; ZVZQL+M j=1

2,...,NR (2.1)

Here M represents any collision partner if the reaction is a
collisionally catalyzed decomposition or recombination proc-
ess and is not written for regular types of reactions, G; is the
name of species i, and v} i and v7, jj are its stoichiometric coef-
ficients as reactant and product respectrvely The net molar
formation rate of species i per unit volume is then given by

NR NR
V‘GZZ‘DU:Z(VZ‘“’QJ’)G 2.2)
j=1 j=1
where
rp = R]. — R_j (2.3)

is the net molar rate per unit volume of reaction j. The forward
and reverse molar rates, R; and R_/, are written by using the
laws of mass action and of microscopic reversibility (see
ref. 1) as

NRS

R; =Mk, I_I(P‘Si)vlf 2.4)
M k. NRS .
Ry == Tlleo)” @)
J i=1

The forward rate coefficient k; for reaction j is given by the
modified Arrhenius expression

or, fOI' a few reaCtiOnS, by the equation

kj=AT" exp(c jT) 2.7)

In the above equations K is the equilibrium constant of reac-
tion j in concentration units and M; is the collisional efficiency
factor given by



NS
M; = pz mo, (2.8)
i=1

where m;; is the collisional efficiency of species i in the jth
reaction as a collision partner. In the above equations p is the
mass density of the mixture, G; is the mole number (moles per
unit mass) of species i, and NS is the total number of species,
including inerts. If the collisional efficiencies for all species
are unity for a collisionally catalyzed reaction, M; is just the
total molar concentration of all species in the mixture. If the
reaction is a regular type, M; is equal to 1.0 and does not ap-
pear in equations (2.4) and (2.5).

A global reaction summarizes the net effect of several mo-
lecular steps. It is selected to show the formation or destruc-
tion of a stable species without considering the actual molecu-
lar steps that involve the reactions of free-radical and atomic
species. This type of reaction differs from a molecular reac-
tion in the following ways: it is always irreversible, and its rate
expression does not obey the law of mass action used for mo-
lecular steps. Because the reaction includes effects of species
other than the actual reactants, its rate can, in general, depend
on the concentration of any species present in the mixture. The
general rate expression for a global reaction is, therefore, writ-
ten as

NS a
r =k (D] ] (po;)" (2.9)
i=l1

where po; is the molar concentration of any species in the mix-
ture, not only a reactant, and k;(7) is a temperature-dependent
rate coefficient in the form of equation (2.6). The constants
{a;;} and the three constants in ki(T) are obtained by multivari-
ate curve fitting of experimental data taken over as wide a range
of conditions as possible. Each global reaction in GLSENS
may have a maximum of three species on the reactant side and
three species on the product side. On both sides of equation
(2.1) each species may be either an actual participant in the
process or a species whose concentration appears in equation
(2.9) but is not changed by the reaction. An example of a mo-
lecular reaction is the collision of two ketyl radicals to form
acetylene and two carbon monoxide molecules:

C,HO +C,HO = C,H, +2CO

This is one of the steps in the oxidation of the fuel benzene,
which is discussed in detail in section 4.3.2.4. The code inter-
prets the left side of this reaction as two molecules of C,HO
and uses the rate expression

2
2 [C,H,][co]
r =kj [CZHO] B —
J
where the square brackets indicate molar concentration and j is
the reaction index number.
An example of a global step is the reaction

OH+H2+O2 —>H20+O+OH

which is the conversion of a molecule of hydrogen and oxygen
to water and an oxygen atom. A hydroxyl radical is written on
both sides of the reaction because the experimentally deter-
mined rate expression for this reaction is

r=k j[Oz][OH]

This rate is independent of the concentration of hydrogen and
is proportional to the concentration of OH radical, which is not
changed by the reaction. The exponent of the oxygen concen-
tration was determined by least-squares fitting of experimental
data and is not related to the stoichiometric coefficient of oxy-
gen, which has the same value. The code allows the use of as
many as three rate-determining species concentrations and their
empirically determined concentration exponents in equation
(2.9) for each reaction. The latter are read in separately from
the reactants and products of the reaction. Program details for
using global reactions are given in chapter 3.

2.2 Equations for Perfectly Stirred
Reactor Combustion and
Sensitivity Analysis

The equations describing combustion reaction in the per-
fectly stirred reactor have been written and described in refer-
ence 1. For this completely backmixed system each reacting
species mole number G; obeys the continuity equation

%(Gi,o ~G,)+W =0 i=12..NRS

(2.10)

where v is the reactor volume,  is the mass flow rate through
the reactor, and W;, the net molar rate of formation of species
i, is given by equation (2.2). Each reaction rate r; in this equa-
tion is calculated from either equations (2.3) to (2.5) or equa-
tion (2.9), depending on whether the process is molecular or
global. The reactor also obeys the energy conservation equa-
tion

NS

Z(GIHI — GLOHZ’O)+ % =0
=1

2.11)



where H; is the molar enthalpy of species / at the reactor tem-
perature T, H;  is the molar enthalpy of species / at the initial
reactor temperature Ty, and () is the heat transfer rate from the
reactor and is a function of temperature only. Equations (2.10)
and (2.11) constitute a system of NRS+1 nonlinear
algebraic equations in the variables 61, G», ..., ONRs and tem-
perature that are valid for a chemical mechanism containing
any mix of molecular and global reactions. These equations
are solved by the Newton-Raphson numerical method as de-
scribed in chapter 7 of reference 1. The iteration procedure
solves sets of linear equations involving the logarithms of the
increments of the dependent variables.

The present task is to compute the sensitivity coefficients of
these NRS+1 dependent variables with respect to changes or
uncertainties in the rate coefficient parameters Aj, n;, and ei-
ther E; or ¢; in equations (2.6) and (2.7). The sensitivity coeffi-
cients of these dependent variables with respect to initial tem-
perature T are also computed. For clarity of presentation the
dependent variables are redefined in terms of an array {y;}
having NRS+1 elements, where

vi=0; i=123,. NRS

and

INRS+1=T

2.2.1 Sensitivity Coefficients With Respect to
Rate Parameters

The following unnormalized sensitivity coefficients are

defined:
dy;
8y ==k j=12..NR
om;

i=12,..,NRS+1 (2.12)
where 1; represents any of the rate coefficient parameters of
the jth chemical reaction, namely Aj, nj, and Ej or ¢; in equa-
tions (2.6) and (2.7). Sets of equations that can be solved for
these sensitivity coefficients are now derived.

First, equations (2.10) can be differentiated with respect to
rate parameter M, to obtain the equation

mdc, oW, & aw| ao, LW ar _
von, o & do;| ang T gll om,
i=12,.,NRS (2.13)

The quantity m represents any of the three rate parameters of
reaction s. The first and third terms of this equation can be
combined by using the Kroneker delta function and the ex-
pression rewritten as

&S (ow,| i |do, OW| ar W,
= do,; . o, T all om, om,
i=1,2,..,NRS (2.14)
where 8;; is defined by
0 ifi=#l
8y =
1 ifi=I

There are now NRS linear equations in the NRS+1 unnormal-
ized sensitivity coefficients just defined. To obtain an
additional equation, equation (2.11) is differentiated with re-
spect to N to get

NS Y
H a0/
Gl@ﬂﬂql@ +M£:o (2.15)
Zl < " or o, o [T ar o,

This equation can be rewritten using the fact that dH;/0T is
just Cy,;, the molar heat capacity of species /, and that the mix-
ture specific heat per unit mass is given by the summation

NS
cp= Z 0,y (2.16)
=1
The result is
NRS .
0
3 Hlﬂ+(cp+ia—QJa—T=o 2.17)
P om, T Jom,

The limit on the summation is now NRS because all deriva-
tives of inert-species mole numbers are equal to zero.

After equations (2.14) and (2.17) have been rewritten using
the definitions of the sensitivity coefficients (eq. (2.12)), the
following set of NRS+1 independent linear equations in the
NRS+1 sensitivity coefficients of the dependent variables {y;}
is obtained:
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2.2.1.1 Derivatives of net species formation rate.—To solve
the system equation (2.18), the derivatives of each species for-
mation rate W; must be calculated. For the rate coefficient pa-
rameter derivatives, dW,/dn;, equation (2.2) is differentiated to
obtain

8Wi_ . N
ans ( iS)

2.19
an, (2.19)

is

where the derivative on the right-hand side can be obtained
from equations (2.3) to (2.5) as

or, dlnk,
ar E—
o, ° Jn,

(2.20)
When equation (2.20) has been substituted into equation (2.19),
the result can be written as

oW, dln k;
—=.
om, Boan,

(2.21)

where o, the rate of formation of species i by reaction s, is
defined in equation (2.2).

Next, the derivatives of W; with respect to 6; and T are cal-
culated from equations (2.2) to (2.5). These equations present
W; as an explicit function of gas density p, which is, however,
a function of 7 and the {G;} through the ideal-gas law.

p=—2> (2.22)

P
RTY o,
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Therefore, implicit differentiation of equation (2.2) gives the
following expressions for the partial derivatives of W; with re-
spect to 6;and T

AT : (2.23)
(961 B 8ol other o, PH ap allo,, ’
T i
o.T T

oW, oW, oW,

1] EE— _R_l (2.24)

oT |all oT lalle,, T ap allo,,

S; p T

In these equations the following derivatives of density from
equation (2.22) were used:

9P _ —pM,, (2.25)
do,;
P _—p
P»_"P 2.26
or T (2.26)

The necessary equations for the derivatives of W; on the right
sides of equations (2.23) and (2.24) are obtained from equa-
tion (2.2) as

avvl & ” ’ ar]
o= ( 7~ "u’)g (2.27)
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2.2.1.2 Derivatives of net reaction rate.—The derivatives
of rj needed in equations (2.27) to (2.29) are obtained from
equations (2.3) to (2.5) for molecular reactions and from equa-
tion (2.9) for global reactions. These derivatives are used not
only for the PSR sensitivity calculations, but also for the gen-
eral kinetics calculations and the static-reaction sensitivity
analysis computations. For molecular reactions regular and
third-body collisional processes must be treated separately
when differentiating with respect to a species concentration or
density. Consider the temperature derivatives first. For a mo-
lecular reaction rate, differentiating equations (2.4) and (2.5)
and substituting into equation (2.3) give, after simplification,

or. din k. dn K .
J _ J J

L=y +R_;

JaT J dT 7 dT

(2.30)

Differentiating equation (2.9) for a global reaction rate gives
the same expression for the temperature derivative without
the reverse rate term, since a global reaction is always
irreversible.



To obtain the 6; and p derivatives of the molecular reaction
rate, two cases are considered separately. For regular
(noncollisionally catalytic) reactions M; is set equal to 1.0 in
equations (2.3) to (2.5), and differentiating with respect to o;
gives, after some simplifying, the following expression for the
o) derivatives of r;:

U NS] 2.31)
do, o, o,

In most situations a species is either a reactant or a product, so
either V;j or V;} will be zero. For the derivative with respect to
density, equations (2.3) to (2.5) give the result

% _ ViR, ~ VIR_; 2.32)
p P p

where V’; is the sum of the reactant stoichiometric coefficients
in the jth reaction and V}' is the sum of product stoichiometric
coefficients in that reaction. In the case of collisionally cata-
lytic (third body) reactions, differentiating equations (2.3) to
(2.5) with respect to 6; and using the appropriate derivative of
M; obtained from equation (2.8) give, after simplification,

%: ViR ViR . ripmy; (2.33)
do, o, o, Mj

Differentiating with respect to density and using equation (2.8)
for oM /dp give the expression

(2.34)

For the 6; and p derivatives of a global reaction rate, differen-
tiating equation (2.9) gives the following results:

or, a,.r.
L= (2.35)
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and
Jr, a.r.
_J__JJ (2.36)
p p

where a; is the sum of all the a;; values for reaction j.

2.2.1.3 Temperature derivatives of rate coefficient and
equilibrium constant.—Two quantities that appear in the r;
derivative expressions of the previous section need to be cal-

culated. These are the temperature derivatives of the rate coef-
ficient and the equilibrium constant in equation (2.30). These
equations also apply to more general situations than PSR sen-
sitivity analysis (see ref. 1). Logarithmic differentiation of the
usual modified Arrhenius rate expression (eq. (2.6)) gives

dnk, n. E,
L=ty Lo (2.37)
dl T RT

Similar differentiation of the special rate coefficient formula
(eq. (2.7)) gives

dlnkj n; 538
=Lic. .
ar T (2.38)

The equilibrium constant K; for any reaction is expressed in
concentration units by the relation

o

—Av 1
K.=(RT) "/ ex J
;= (RT) P

(2.39)

where AG; is the Gibbs function change for the reaction and
Av;is the change in number of molecules for the reaction (i.e.,
number of products minus number of reactants.) Differentiat-
ing equation (2.39) and using the Gibbs-Helmbholtz equation
for a(AG;)/BT (ref. 12) give

dinK. —-Av. AH:
l=—J4 (2.40)
dT T RT

where AH; is the heat of reaction given by

NRS

AH =Y (vi = vy (2.41)
i=1

Equation (2.40) is rewritten for ease of computation in GLSENS
by substituting equation (2.41) and the definition of Av; into it
and rearranging terms to obtain the expression

ik _ llis(vfc - v’..)(ﬂ— 1)

dT T‘] Y YA RT
=

(2.42)

2.2.1.4 Derivatives of rate coefficient equations with re-
spect to rate parameters.—To complete the computation of
all matrix coefficients in the system of equations (eq. (2.18)),
the specific formulas for the right-hand-side coefficients
(eq. (2.21)) have to be calculated. To obtain the logarithmic
derivatives of k; with respect to each rate parameter, the



logarithmic forms of equations (2.6) and (2.7) are differenti-
ated. From either of these equations the following formulas
are obtained for the derivatives with respect to the
preexponential factor and temperature exponent:

dlnk 1
s=— (2.43)
A, A,
dlnk
S —InT (2.44)
on,

The derivative with respect to Ej, from equation (2.6), is

dlnk 1
S = — (2.45)
JE, RT
From equation (2.7) the derivative with respect to c; is
dlnk
L=T (2.46)
ac

N

2.2.2 Sensitivity Coefficients With Respect to
Initial Temperature

A set of linear equations that can be solved for the sensitivity
coefficients of the dependent variables with respect to the initial
temperature of the reacting mixture can be obtained by differ-
entiating equations (2.10) and (2.11) with respect to the initial
temperature 7(. From equation (2.10)

; Jo. | IW.
Bl _ZilyZli=o (2.47)
y BTO BTO
The second term can be written out as follows:
ow. & ow| oo, ow.
i i LT 8_T (2.48)
BTO = 861 - BTO JaT ?511 BTO

Using equation (2.48) in equation (2.47) gives a set of NRS
equations in the required NRS+1 sensitivity coefficients:

oT
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The last equation results from differentiating equation (2.11)
with respect to T, which gives, first,
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To rewrite this equation in more useful form, first note that
all the derivatives do; ,/0T; are equal to zero and also that
0H, ;(dTy is C, o, the molar heat capacity of species [ at
temperature 7). Finally,

oy oy or _ . oT
or, ot ar, ",

Using this information in equation (2.50) gives

NRS :
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where ¢, o is the initial mass specific heat of the mixture (see
eq. (2.16)).

Equations (2.49) and (2.51) make up a set of NRS+1 inde-
pendent linear equations in NRS+1 sensitivity coefficients that
can be defined by

.
Yi =12, NRS+1

0T, = ﬁ (2.52)

where y; = 6; for i < NRS and y; = T for i = NRS+1. The set of
equations to be solved for these initial-temperature sensitivity
coefficients can then be written as

m oW,
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Comparing this set of equations with the set solved for the
sensitivity coefficients with respect to rate parameters (eqs.
(2.18)) shows that each set has the same left-hand-side matrix
of coefficients. Only the right-hand-side constant vector is
different. Thus, the computational cost of obtaining the initial-
temperature sensitivity coefficients is very small after the rate
coefficient sensitivities have been calculated.

2.2.3 Normalized Sensitivity Coefficients

2.2.3.1 Rate coefficient parameters.—The GLSENS code
normalizes all sensitivity coefficients calculated by solving the
set of equations (2.18) by exactly the same method used for
sensitivity coefficients in integration problems. The normaliza-
tion factors used are discussed in detail in chapter 4 of part I of
the LSENS code documentation (ref. 1). A brief summary of the
formulas for normalized coefficients is given here for the
reader’s convenience. Again, using 1; to represent any of the
rate parameters of the jth chemical reaction, the normalized
sensitivity coefficient of any y; with respect tom; can be defined

by
<S..>=M= M| i
v 81n1’]j ¥; anj

This coefficient is the percent change in y; due to a change inm;
that causes a I-percent change in the rate coefficient k;. In
practice the correct normalization factor m;, multiplying the
unnormalized coefficient dy;/dn; on the right-hand side of
equation (2.54), has to be properly chosen for the type of input
quantity whose sensitivity is being computed. In the case of the
preexponential factor A; the choice is very simple, namely A;
itself. Because A; is always nonzero (unlike the other rate
parameters), it can be used as the normalization factor. For the
other rate parameters assumptions are made to express the
normalization factors in terms of the initial temperature. Con-
sult reference 1 for additional details on the derivation of
normalization factors for these rate coefficient parameters. The
exact factors used in LSENS and GLSENS are listed for
reference in table 2.1.

For the perfectly stirred reactor the sensitivity coefficients
with respect to all three rate parameters should be the same
because the reaction is really occurring at a constant tempera-
ture, namely the converged temperature for any assigned mass
flow rate. To verify this fact, sensitivity coefficients were
calculated for all three rate parameters separately for each
reaction and were always found to be identical when the
normalization factors of table 2.1 were used. Therefore, only
sensitivity to a I-percent change in the rate coefficient kj, which
is the normalized quantity defined by equation (2.54) for any of
the individual rate parameters, needs to be discussed here.

For computing the brute-force sensitivity coefficients the
partial derivative in equation (2.54) is replaced by the ratio 8y, /
on;, where Jy; is the small change in y; caused by the small

(2.54)

TABLE 2.1.—NORMALIZATION FACTORS
FOR RATE COEFFICIENT PARAMETER
SENSITIVITY COEFFICIENTS
[R is the universal gas constant in calories per
mole-K and 7|, is the gas mixture’s initial
temperature. ]

Rate coefficient | Sensitivity coefficient
parameter normalization factor
in eq. (2.54)
A 0014,
J J
™ 0.01/InT,
J 0
E' -0.01 RT,
J 0
b
¢ 0.01/7,

iSee eq. (2.6).
See eq. (2.7).

change 6n;. Also, the quantity y; becomes ;, the value of the
dependent variable for the standard or unchanged value of n;.
It is most convenient to change the A; parameter, inasmuch as
both equations (2.6) and (2.7) show that a given percent change
in the preexponential factor causes the same percent change in
the rate coefficient. For a change in any A; of £1 percent the
approximation formula to equation (2.54) for the normalized
brute-force sensitivity coefficient with respect to k; is then
given by

(s;)- y4;+4) -4, -4)

i 0.025, (2.55)
where
¥; y; value for standard value of Aj
Yi(Aj+ A) y; value when A; is increased by A

yi(Aj—A) y; value when A; is decreased by A

and

A =0.01Aj

This equation was used to calculate the brute-force sensitivity
coefficients withrespectto the rate coefficients inasmuch as the
change in any y; caused by the change in A; was found to be
small enough to give a good approximation to the sensitivity
coefficient derivative.

2.2.3.2 Initial temperature.—For the normalized sensitiv-
ity with respect to initial temperature, 7y is used as the normal-
ization factor, the unnormalized coefficient (eq. (2.52)) is
multiplied by the factor T(y/y;, and they are combined to obtain

11
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In performing the brute-force sensitivity calculations a
1-percent change in initial temperature cannot be used be-
cause it would result in too large changes in the dependent
variables dy;, thus making the difference approximation to the
derivative inequation (2.56) quite inaccurate. Instead a change

12

of £2 K is used for the initial temperature. The 87 becomes just
4 K and the brute-force approximation formula becomes

<S,-,T0 > = TO[yi(TO ’ ZK) - yi(TO - 2K)] (2.57)

4y,
Chapter 4 gives the results of several GLSENS test-case com-
putations of sensitivity coefficients for the perfectly stirred

reactor and compares them with the results of brute-force
computations using equations (2.55) and (2.57).



Chapter 3

Description of New GLSENS Coding

3.1 New Subroutines

In the following description of GLSENS coding, which
incorporates the additional abilities described previously, it is
assumed that the reader is familiar with the structure of and
input to the original LSENS code described in reference 2, the
usage manual. GLSENS keeps all the subroutines of LSENS
with necessary small modifications and adds four new subrou-
tines. Three of these are needed for reading in global reactions
and calculating their rates. The fourth contains the computation
of sensitivity coefficients for a PSR problem. The first global
reaction subroutine, GLOBIN, is called by subroutine KINP to
read in and process the input data for all global reactions after
it has read in any data for molecular reactions that may be
present. The second new subroutine, GLBCHG, reads in any
rate coefficient changes for global reactions in a multiple-case
situation. The third global reaction subroutine, GLBRAT, is
called by DIFFUN to calculate the molar rates per unit volume
of all global reactions after the molar rates for the molecular
reactions present have been calculated. A new common block,
REAC3, which contains necessary global reaction variables,
was added to these subroutines and to subroutine KINP and the
main program.

The fourth new subroutine, PSENS, manages the calculation
of all sensitivity coefficients for a PSR problem. This subrou-
tine, which is called from subroutine WSR after completion of
each incremental assigned mass-flow-rate PSR calculation,
first calculates the elements of the left-hand-side coefficient
matrix of equations (2.18) and (2.53). To do this, PSENS calls
subroutine PEDERYV, where many of the same partial deriva-
tives of W; are calculated as part of the Jacobian elements for the
Newton-Raphson iteration that solves the PSR problem itself.
After completing the appropriate right-hand-side vector, PSENS
calls subroutine GAUSS to solve for the unnormalized sensitiv-
ity coefficients. Subroutine SNSOUT is then called to normal-
ize and print only the coefficients that were asked for in the

problem data file. Logic changes are made in subroutine
SNSOUT and in subroutine SNSTAB to accommodate PSR
sensitivity analysis computations. A new common block,
PSRSEN, was added to subroutines PEDERV, PSENS, WSR,
and SNSTAB as well as to the main program. This common
block contains the logical variable WELSEN.

Two changes to the original LSENS subroutines should be
mentioned. One is in the output routine OUT1, which was
changed to print out the additional input data for global reac-
tions. In addition, the dimensions of many arrays were in-
creased to allow a maximum of 80 species to be used in a single
problem. These changes are described in appendix C (table C.3)
of reference 2.

3.2 Modifications to Problem Data File
3.2.1 Chemical Reaction Input

For all cases the code must now be told what kind of reaction
mechanism is to be used for the computation. GLSENS gives
complete flexibility as to the type of mechanism that may be
used. All molecular reactions or all global steps or a mixture of
the two types may be used. In the last case any number of
reactions of each type may be used (up to the maximum number
allowed, LRMAX), and the molecular reactions must be listed
first. A new namelist called RTYPE must be added to each
case. The seven logical variables in this namelist are listed and
theirusage described in table 3.1. The first two logical variables
must be set for all cases. If any global reactions are in the
mechanism, the variable GLOBAL must be set equal to TRUE.
If the mechanism contains global reactions exclusively, the
variable GRONLY must be set equal to TRUE. Both variables
are initialized to the value FALSE so that they do not have to be
set if a mechanism consists of molecular reactions only. The
remaining five logical variables in RTYPE must be set for any
cases that use the REPEAT, CHANGE, or ADD settings of the
ACTION switch in a multiple-case file. All of these variables
except MRPREYV are initialized to FALSE. The latter variable
is initialized to TRUE, which tells LSENS that the previous

13



TABLE 3.1.—DESCRIPTION OF LOGICAL VARIABLES IN NAMELIST RTYPE

Variable | Value"
name

Explanation

GLOBAL | TRUE

Global reactions are present in current case mechanism.

FALSE

Global reactions are NOT present in current case mechanism.

GRONLY | TRUE

Molecular reactions are NOT present in current case mechanism.

FALSE

Molecular reactions are present in current case mechanism.

GLCHNG | TRUE

Some global reaction rate coefficients are to be changed from previous case.

FALSE

No global reaction rate coefficients are to be changed from previous case.

GLADD TRUE

Global reactions are to be added to mechanism of previous case.

FALSE

No global reactions are to be added to mechanism of previous case.

MRPREV | TRUE

Mechanism of previous case consists of only molecular reactions.

FALSE

Mechanism of previous case has some global reactions.

MRCHNG | TRUE

Some molecular reaction rate coefficients are to be changed from previous case.

FALSE | No molecular reaction rate coefficients are to be changed from previous case.
MRADD TRUE Molecular reactions are to be added to mechanism of previous case.
FALSE | No molecular reactions are to be added to mechanism of previous case.

“Default value is underlined.

case’s mechanism contained only molecular reactions.
Table 3.2 lists the values of the four variables GLCHNG,
GLADD, MRCHNG, and MRADD for all possible situations
of modifying a mechanism by using the CHANGE and ADD
options. Test-case files presented in chapter 4 give examples
using the information in tables 3.1 and 3.2. Note that the
namelist RTYPE follows the title line in a single case or in the
first case of a multiple-case file. However, in any case after the
first in a multiple-case file, RTYPE follows the ACTION line.

When both molecular and global reactions are used in a
mechanism, the global reactions follow the list of molecular
reactions (which ends with a blank line or the word END
beginning in column 4). Each global reaction requires two input
lines, whose formats are given in table 3.3. The first line gives
the names of as many as three reactant and/or rate-controlling
species as well as up to three products along with their stoichio-
metric coefficients, if different from 1. Note thatif a global step
has a single reactant, it must be placed in the third (rightmost)
reactant field. It is called the first or only reactant in table 3.3.
If the step has two reactants only, they must be placed in the
second and third reactant fields. Likewise, a single product
must be listed in the first (leftmost) product field and two
products only must be listed in the first two product fields. The
reactant species listed on this line include all whose concentra-
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tions are to be used in equation (2.9). If the rate expression
contains the concentration of a species that is not a participant
in the reaction, this species must be listed both as a reactant and
a product, so that its net change in concentration will be zero.
Note that column 40 must either be blank or have any character
except an equal sign, to indicate that the reaction is irreversible.
The “>” symbol is the most logical choice. The second line lists
first the exponent a;; to be used with each concentration c; for
each reactant species on the previous line. The last half of this
line lists the three parameters A i, 1, and E i of the rate coefficient
expression (eq. (2.6)). The global reaction list ends with either
a blank line or one with the word END starting in column 5. If
the reaction mechanism contains only global reactions, this list
starts immediately after the namelist RTYPE line. Chapter 4
gives example problems that illustrate problem data files con-
taining mechanisms of all-global and molecular-plus-global
reactions.

3.2.2 PSR Sensitivity Coefficient Calculations

No change from the input data for an integration sensitivity
problem was required for the PSR sensitivity calculations. For
detailed information on setting up the problem data file for a



TABLE 3.2.—LOGICAL VARIABLE SETTINGS IN NAMELIST RTYPE FOR
MULTIPLE-CASE SITUATIONS

. . . a
Next-case situation Variable name and value

GLCHNG | GLADD | MRCHNG | MRADD

Change molecular rate coefti- FALSE? FALSE® | TRUE FALSEP
cients only.

Change global rate coefficients | TRUE FALSE® | FALSE" | FALSEP
only.

Change global and molecular TRUE FALSE® | TRUE FALSEP
rate coefficients.

Change molecular rate coeffi- FALSEP FALSE? | TRUE TRUE
cients and add molecular

reactions.

Change molecular rate coef- FALSEP TRUE TRUE FALSEP

ficients and add global reactions.

Change molecular rate coeffi- FALSEP TRUE TRUE TRUE
cients and add global and
molecular reactions.

Change global rate coefficients TRUE FALSE" | FALSE® TRUE
and add molecular reactions.

Change global rate coefficients TRUE TRUE FALSEP FALSEP
and add global reactions.

Change global rate coefficients TRUE TRUE FALSE TRUE
and add global and molecular

reactions.

Change global and molecular TRUE FALSE? | TRUE TRUE

rate coefficients and add
molecular reactions.

Change global and molecular TRUE TRUE TRUE FALSE?
rate coefficients and add global

reactions.

Change global and molecular TRUE TRUE TRUE TRUE

rate coefficients and add
global and molecular reactions.

Add molecular reactions only. FALSE? FALSE® | FALSE® TRUE

Add global reactions only. FALSE® | TRUE |FALSE® | FALSE®
Add molecular and global FALSE? TRUE FALSE? TRUE
reactions.

4The variables GLOBAL, GRONLY, and MRPREY are set according to the makeup of
the mechanisms of the previous and current cases; see table 3.1.
bDefault value.



TABLE 3.3.—FORMATS OF TWO REACTION LINES FOR EACH GLOBAL REACTION

(a) Line 1.
Columns | Variable | Format Content and explanation
type
1-4 Real F4.2 Stoichiometric coefficient of left reactant (default value = 1)
5-12 Character | A8 Name of left reactant (third one)
14-17 Real F4.2 Stoichiometric coefficient of center reactant (default value = 1)
18-25 Character | A8 Name of center reactant (second one)
27-30 Real F4.2 Stoichiometric coefficient of right reactant (default value = 1)
31-38 Character | A8 Name of right reactant (first or only one)
40 Character | Al “>” or any symbol except “="; indicates irreversible reaction
41-44 Real F4.2 Stoichiometric coefficient of left product (default value = 1)
45-52 Character | A8 Name of left product (first or only one)
54-57 Real F4.2 Stoichiometric coefficient of center product (default value = 1)
58-65 Character | A8 Name of center product (second one)
67-70 Real F4.2 Stoichiometric coefficient of right product (default value = 1)
71-78 Character | A8 Name of right product (third one)
(b) Line 2.
1-10 Double F10.4 Concentration exponent of left (third) reactant
11-20 precision | F10.4 Concentration exponent of center (second) reactant
21-30 F10.4 Concentration exponent of right (first or only) reactant
31-40 E10.4 Preexponential factor A; in eq. (2.6)
41-50 F10.4 Temperature exponent 7; in eq. (2.6)
51-60 F10.4 Activation energy Ej in eq. (2.6)

sensitivity analysis calculation, consult chapter 11 of refer-
ence 2. In the previous LSENS version setting the logical
variable SENCAL equal to TRUE for a PSR problem resulted
in an error exit. This restriction has been removed by logic
changes in the main program and in subroutines KINP and
SENSIN. The user places the usual sensitivity analysis key
words, SENSVAR, REAC, and INIT (followed by appropri-
ate data lines), directly after the initial-mixture composition
data for a PSR problem, inasmuch as namelist SOLVER is not
required for this type of problem. Remember, however, that
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the key word INIT (requesting sensitivity coefficients with
respect to initial values of dependent variables) may only be
used with the name TEMP on the following line. GLSENS
does not compute sensitivity coefficients with respect to initial
species concentrations for PSR sensitivity analysis. Note that
the user has the same choice of two tabular output formats for
sensitivity coefficients with respect to rate parameters as for an
integration problem. They are described in reference 2 and
illustrated in the several examples of problem data files for
PSR sensitivity computations given in chapter 4.



Chapter 4

Kinetics and Sensitivity Test Cases and
Example Problems for Global Reactions

and PSR Sensitivity

4.1 Kinetics and Sensitivity Analysis
Test Cases

Part I1I of the documentation for the original LSENS code
(ref. 3) describes two sets of test cases that illustrate the code’s
ability to perform many types of chemical kinetics computa-
tions as well as sensitivity analysis for static chemical reac-
tions. The GLSENS code, of course, also retains all those
abilities. All original LSENS test cases give identical results
when executed with the GLSENS code and may be used to
verify the performance of this new code. The LSENS test cases
are supplied with the new code, GLSENS. Also supplied with
the code is the same thermodynamic data file used with LSENS.
It contains species coefficients from the thermodynamic data
base of the CET computer code (ref. 13) and is described in
detail in the LSENS documentation (ref. 2). These coefficients
for species not included in the GLSENS file can be computed
by using the code of McBride and Gordon (ref. 14).

4.2 Global Reaction Example Problems

The four example problems presented here show the use of
quasi-global (global and molecular) reaction mechanisms as
well as all-global mechanisms in three perfectly stirred reactor
problems and one integration problem. As part of the integra-
tion problem the usual sensitivity coefficients calculated by the
original LSENS code are computed for both molecular and
global reactions to illustrate that the fundamental technique is
the same for both types of reaction. Only the details of comput-
ing the reaction rate and its derivatives differ.

4.2.1 Example Problem 1

In this problem a mechanism of all global reactions is used
to describe the perfectly stirred reactor combustion of a rich
propane-air mixture (fuel equivalence ratio ¢ = 2.0) at a
pressure of 5.5 atmospheres. The initial-mixture temperature is
800 K and the reactor volume is 2500 cm?. The complete
problem data file is shown in table 4.1 (see end of chapter for
tables) and, except for the use of global reactions, is set up
exactly as described in the LSENS code description and usage
report (ref. 2). All mechanisms used in these example problems
are modifications of those developed by Dr. K. Kundu for
simplified description of the combustion of propane and the
attendant formation and destruction of oxides of nitrogen
(NOy). See, for example, reference 15. The last reaction in the
mechanism (reaction 13) illustrates two characteristics of a
global reaction. First, the concentration exponent of reactant H,
is zero, which indicates that hydrogen concentration has no
effect on the rate of this reaction. Second, the reaction rate
depends on the concentration of the hydroxyl radical, which is
not a participant in the reaction. This species is written on both
sides of the reaction and, on the next line, is given the concen-
tration exponent value 1.0. Reaction 12 illustrates a global step
in which areactant (OH) concentration has an exponent (1.0) in
the rate equation that is different from its stoichiometric coef-
ficient of 2.0. The rate of this reaction also depends on propane
(C3Hg) concentration to the power 0.15, but the fuel does not
participate in this reaction. The name C3HS is written as a
reactant and a product to indicate that its concentration is
unchanged by the reaction. Note that the PSR calculation is
controlled by the variables in namelist WSPROB. This is an
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assigned-mass-flow-rate problem with a desired flow rate of
1600 g/s that is to be reached with increments of 200 g/s from a
starting value of 100 g/s assigned in namelist START.

Some of the computed results for this case are listed in table
4.2, which shows partial results for the first, second, fourth, and
final convergences. The code had to increase the assigned mass
flow rate to 800 g/s to obtain the first successful convergence
because lower mass flow rates gave convergence to false
solutions of the real combustion problem. The false solutions
gave converged temperatures higher than the computed equi-
librium temperature of 2020.68 K, which was used as the first
estimate for the correct converged temperature. The first con-
verged temperature was about 80 K below the equilibrium
temperature and required 14 iterations. Each subsequent con-
vergence required only between three and six iterations and
gave much smaller decrements of temperature. This behavior
is a typical convergence pattern for PSR combustion of rich
hydrocarbon mixtures. Computed results for several intermedi-
ate convergence points and the desired mass flow rate of
1600 g/s are given in table 4.2.

4.2.2 Example Problem 2

This problem is also a rich propane-air PSR combustion
(¢ = 1.5) with the same initial temperature and pressure as
example problem 1. The reaction mechanism of all global
reactions is a modification of that of example problem 1, and
several additional reactions have rates controlled by nonpar-
ticipating species Hp and O.

The complete data file for this case is shown in table 4.3,
where it can be seen that a much larger reactor volume and
lower maximum flow rate were used than in example 1. This
mechanism was arbitrarily changed from the previous one for
illustrative purposes and could be quite unrealistic. Conver-
gence difficulties were encountered in this problem, and the
given volume and initial mass flow rate had to be found by trial
and error until several successful convergences were obtained.
Computed results for some of these conditions are shown in
table 4.4. Although a maximum flow rate of 60 g/s was desired,
no successful convergence was obtained for a mass flow rate
above 25 g/s. The attempted convergence temperature began
dropping rapidly, indicating a blowout situation.

4.2.3 Example Problem 3

This problem is the same PSR problem as in example 1, but
it uses a reaction mechanism consisting of both global and
molecular steps. The latter group of reactions (all reversible) is
the hydrogen-oxygen submechanism of the benzene oxidation
mechanism used by Bittker (ref. 6). The global reactions are
taken from example problem 1.

The data file for this case is shown in table 4.5 and computed
results, in table 4.6. Note that the desired flow rate of
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2500 g/s was again not reached because a blowout condition
was encountered at 450 g/s.

4.2.4 Example Problem 4

The constant-volume static reaction of a rich (¢ = 2)
propane-air mixture is illustrated in this example, whose pur-
pose is to show the use of a quasi-global mechanism in an
integration problem. The problem also illustrates the calcula-
tion of sensitivity coefficients for global reactions in an integra-
tion problem. The mechanism contains both molecular and
global reactions. The molecular steps are all irreversible and
were used by K. Kundu in work at NASA Lewis. Global
reactions are taken from example problems 1 and 3. This
mechanism is not a realistic one and is used here only for
illustrative purposes. It should not be used for modeling any
real combustion system.

The problem data file for this case is given in table 4.7.
Sensitivity coefficients were computed for most of the depen-
dent variables with respect to the rate constant parameters of
both the molecular and global reactions. The sensitivity
analysis computation was similar for both reaction types
because both global and molecular reactions use the same form
for the rate coefficient expression (eq. (2.6)). Only differences
in the net rate expressions (eqs. (2.3) to (2.5) and eq. (2.9)) had
to be considered. All computed results, and especially values of
sensitivity coefficients, were found to be sensitive to the
settings of the integration accuracy control parameters EMAX
and ATOLSP.

In table 4.8 computed results are shown for several depen-
dent variables and their sensitivity coefficients with respect to
the A; factor for the most controlling reaction, which is (global)
reaction 14, the reaction of C3Hg with O,. Results are given for
three values of the relative error control variable EMAX. As the
table shows, an EMAX value of 107 computed inaccurate
values of temperature and five species mole fractions. EMAX
had to be reduced to 1076 or lower to obtain good accuracy. The
accuracy of sensitivity coefficients was even more sensitive to
the EMAX value used. Brute-force calculations of several
sensitivity coefficients were also performed, and all results
agreed with the values calculated by GLSENS for EMAX =
1077, These results for the effect of error control parameters on
accuracy are consistent with those reported in chapter 13 of
reference 2 for the original LSENS code using a mechanism of
molecular reactions only.

4.3 Perfectly Stirred Reactor
Sensitivity Calculations

Before example problems are presented, error control for a
PSR calculation is briefly discussed to help GLSENS users
properly evaluate the accuracy of computed results.



4.3.1 Error Control for PSR Problems

For kinetics problems solved by numerical integration of
differential equations, accuracy for both the direct and sensitiv-
ity analysis solutions depends on the values of two error control
parameters set by the user in each problem data file. This error
control has been discussed and illustrated in great detail in parts
I and IT of the LSENS documentation (refs. 1 and 2). The
situation is quite different for PSR calculations. The computa-
tion accuracy is controlled by two control numbers builtinto the
code (in subroutine WSR) and used to test for proper conver-
gence of the numerical solution of the nonlinear algebraic
equations that describe the reactor. Error control is self-setting,
therefore, and cannot be adjusted by the user in the problem data
file. In the development of the Newton-Raphson direct solu-
tion, optimum values of the two test numbers were obtained.
Further reduction of these numbers will not change the answers
and may cause numerical difficulties in the convergence proc-
ess. One additional test number, which affects the computed
values of trace species concentrations, is used in subroutine
WSR. To avoid numerical problems during the Newton-Raphson
iteration procedure, a minimum value that any species mole
number can achieve has to be set. The value of this lower limit
is given by the variable SMALNO, which is set in a DATA
statement, along with the value of its natural logarithm,
DLOGSN. Variation of SMALNO in a series of test calcula-
tions showed that it had to be set at 1.0x10710. In many
computations for several test cases trace species concentrations
near this lower limit sometimes showed unexpected variation.

Sensitivity coefficients were obtained by the exact solution
of asetof linear equations whose matrix of coefficients depends
on the accuracy of the direct solution. Therefore, the trace
species concentrations and their sensitivity coefficients were
probably less accurate than values for the other dependent
variables.

4.3.2 PSR Sensitivity Analysis Problems and
Comparisons With Brute-Force Results

The five example problems presented here illustrate PSR
sensitivity analysis computations for several fuel-oxidant com-
binations. The fuels hydrogen, benzene, and propane react with
oxygen alone and in the presence of nitrogen and/or the inert
gas argon. Brute-force sensitivity coefficients have been calcu-
lated foreach test case and compared with results from GLSENS.
One of these cases (example problem 7) illustrates a simplified
model of a gas turbine combustor.

4.3.2.1 Example problem 5.—This first PSR sensitivity
analysis problem is the reaction of a stoichiometric mixture of
hydrogen and oxygen alone. The reaction mechanism of all
molecular reactions is taken from Brabbs and Musiak (ref. 16).
The problem data file for this case, shown in table 4.9, calls
for the calculation of sensitivity coefficients of all species

concentration variables and temperature with respect to all
reaction preexponential factors and initial temperature. Also,
the value of TINY in namelist PROB has been set to 10~ in
order to set equal to zero all coefficients with magnitudes
smaller than this number. Experience with sensitivity analysis
has shown that such small-magnitude coefficients indicate
unimportant effects of changing the rate parameter. The values
of the variables OUTPUT (= FALSE) and ORDER (= TRUE)
have been set in namelist SENRXN to print only the table of
sensitivity coefficients indexed by dependent variable.

Sensitivity coefficients with respect to the most important
rate coefficients and initial temperature for this problem are
shown in tables 4.10(a) and (b). Also listed are sensitivity
coefficients calculated by using the brute-force formulas (egs.
(2.55) and (2.57)). Results are tabulated for two stable species,
hydrogen and water, as well as for three radical species and
temperature. Part (a) shows that, for rate coefficient sensitivi-
ties, agreement was generally excellent between GLSENS and
the brute-force values for coefficients with magnitudes of at
least 0.01 and good for the smaller magnitude coefficients. In
this mixture the dominant reactions were two catalytic colli-
sional processes, the dissociation of water and the H + O,
recombination to form the hydroperoxyl radical, although other
reactions did affect the overall rate. These controlling reactions
can be contrasted to the lower temperature ignition of a
hydrogen-oxygen mixture, for which the most sensitive reac-
tion promoting ignitionis the H + O, reaction to form an oxygen
atom and the OH radical. This chain-branching reaction is the
main propagation step for the free-radical process that ignites
the fuel-oxygen mixture. The catalytic collisional processes
that control the PSR reaction have little control of the ignition
reaction. Sensitivity coefficients with respect to initial tem-
perature are shown in table 4.10(b). Brute-force coefficients
were again compared with those calculated by GLSENS, and
there was the same excellent agreement between the two
methods of computation. The concentrations of oxygen atom
and hydroxyl radical were affected most strongly by changing
the initial temperature.

4.3.2.2 Example problem 6.—This problem uses an abbre-
viated quasi-global mechanism for the combustion of a
propane-air mixture having an equivalence ratio of 1.5. There
are 18 molecular and 10 global reactions in the mechanism. The
problem is the same as example problem 3 for global reactions,
with sensitivity analysis added to the data file, which is shown
in table 4.11. The input data call for calculating sensitivity
coefficients for six species and temperature with respect to all
rate coefficients and initial temperature. Again, only sensitivi-
ties with magnitude greater than 0.001 are to have nonzero
values.

Sensitivity coefficients calculated by GLSENS and the brute-
force method for this case are presented in table 4.12. Part (a)
gives sensitivity coefficients for five species and temperature
with respect to the rate coefficients of the seven most important
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reactions. Of these, six are global steps and the one molecular
process is the H + O, radical branching reaction. As for the
previous example, agreement between the GLSENS and brute-
force values was excellent for all sensitivities with magnitude
greater than 0.01 and good for all but one of the smaller
magnitude coefficients, namely the sensitivity of molecular
oxygen concentration to the rate coefficient of reaction 28. This
global step converts molecular hydrogen and oxygen to an
oxygen atom and water. This reaction is written with OH on
both sides because its rate parameters in table 4.11 show that the
rate is proportional to the product of OH and oxygen concentra-
tions and is independent of molecular hydrogen concentration.
The brute-force value is about 18 percent lower than the
GLSENS-computed sensitivity coefficient, 4.08x1073. The
difference was most likely due to an inaccurate brute-force
calculation because the sensitivity coefficient magnitude was
only a little above the 0.001 cutoff limit. It is also possible that
inaccuracies of the numerical procedure in the PSR solution
affected the linear equation solution for the sensitivity coeffi-
cients. However, for this small a sensitivity coefficient the
difference found between the two methods is really not
important.

Note that reaction 25, the direct propane-oxygen reaction,
appeared to have the strongest control over the entire reaction,
with reactions 28 and 24 next in importance. However, it is
interesting to observe that six of the seven reactions in the table
had a strong effect on the concentration of nitric oxide, one of
the significant pollutants in combustion processes.

Table 4.12(b) shows sensitivity coefficients with respect to
initial temperature and demonstrates excellent agreement be-
tween the GLSENS and brute-force values. An initial tempera-
ture change had its greatest effect on the fuel and oxidant
concentrations.

4.3.2.3 Example problem 7.—Example problem 7 is also
the PSR oxidation of arich (¢ =1.5) propane-air mixture athigh
pressure, but with a lower initial temperature of 614 K. This
stirred-reactor problem was used as the first part of example
problem 1 in chapter 13 of part II of the original LSENS
documentation (ref. 2). That problem showed a simplified
model of a gas turbine combustor, which is a PSR reaction of
the initial mixture followed by the expansion of the PSR exit
gas into a diverging nozzle. In the present example a sensitivity
analysis was performed on the stirred-reactor part of the model.
A comprehensive 136-step, molecular reaction mechanism
was used, instead of the brief global and molecular reaction
mechanism of the previous example. The problem data file for
this case is given in table 4.13, which shows that sensitivity
coefficients are required for nine species variables and tem-
perature. The value of TINY was set to 1073, as in the other
example problems. In namelist SENRXN sensitivities are
requested with respect to the rate coefficients of the 13 most
important reactions, whose numbers are given in the array
RXNUM. The logical variable ORDER was again set equal to
TRUE and the variable OUTPUT equal to FALSE toreduce the
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number of sensitivity tables printed. A logical variable in the
data file also requests sensitivity coefficients with respect to
initial temperature.

GLSENS-computed sensitivity coefficients for several of
these dependent variables in the PSR problem are shown in
table 4.14 and compared with brute-force coefficients. Table
4.14(a) shows sensitivity to the rate coefficients of the four
most rate-controlling reactions. The dominating reaction was
the collisional decomposition of CHy into a methyl radical and
ahydrogen atom. Its rate coefficient affected the concentrations
of stable species (methane, propane, and ethane) as well as of
the methyl and hydroxyl radicals. Also, the last two reactions
listed (OH + C,Hg and CH3 + CH>) significantly controlled the
concentrations of CHy, CHs3, and CoHg. These sensitivity
analysis results contrast with those for the low-temperature
static ignition of a propane-air mixture. A sample calculation
for ignition of the same mixture used in this test case showed
that the rate-controlling reactions are the following:

CH3 + HO, = CH30 + OH
CHy + OH = CH; + H,O
OH + CHy4

CH3 + H20

CH; + C3H8 CH; + C3H7

None of these reactions was found to be rate controlling for the
PSR reaction at higher temperature. Table 4.14(b) shows sen-
sitivity coefficients with respect to initial temperature. Concen-
trations of the species propane, ethane, and hydroxyl radical
were strongly affected by changes in the initial temperature.

Comparing the brute-force and GLSENS sensitivity coeffi-
cients in table 4.14 again shows excellent agreement between
the two methods. The only small differences occurred for the
smallest magnitude coefficients, where discrepancies were
evident in the previous problems.

4.3.2.4 Example problem 8 —This problem, the first of two
benzene-oxygen reactions, is the PSR reaction of an undiluted
stoichiometric benzene-oxygen mixture. The reaction mecha-
nism used is a slightly modified version of that given by Bittker
in reference 6. The problem data file for this case is shown in
table 4.15. In namelist PROB the variable TINY is set equal to
103 as before, and there is heat loss from the reactor, as defined
by the variables WSRHTR, WSRHTO0, and WSRHT1 in namelist
WSPROB. Sensitivity coefficients for 10 species concentra-
tion variables and temperature are requested with respect to all
reaction A; factors and initial temperature.

Sensitivity coefficients calculated by GLSENS and the brute-
force method, for five species concentrations and temperature
are shown in table 4.16. The species include the fuel, two
intermediate products (benzyl alcohol and carbon monoxide),
and two free-radical species (benzoxy and benzyl). Data were
omitted if the sensitivity coefficient values were less than



0.001. The coefficients listed are for the most rate-controlling
reactions in the mechanism, including pyrolysis reactions of
the fuel and benzoxy and benzyl radicals and reactions of C4Hj,
CsHjs, and CoH». By contrast, none of these reactions was rate
controlling in the static ignition of benzene-oxygen mixtures,
diluted with argon, at initial temperatures close to 1100 K.
Sensitivity analysis for this reaction condition is presented in
reference 6. The rate-controlling reactions for ignition are the
following:

CeHg + Oy C¢Hs0 + OH

CsHg + O, = CsHs0 + OH

C¢Hs0 = CsHs + CO

C¢HsOH = C¢HsO + H

C¢Hg + OH = C6H5 + H,0

Only one of these, the decomposition of CgH50, appears as a
rate-controlling reaction in table 4.16. This comparison dem-
onstrates again the different sensitivity analysis results ob-
tained for different temperature regimes in complex chemical
reactions. Table 4.16 shows excellent agreement, once more,
between the brute-force method and the GLSENS solution for
the sensitivity coefficients.

4.3.2.5 Example problem 9.—In this final test problem a
stoichiometric benzene-oxygen mixture also reacts, but the
initial molar concentrations are cut in half by dilution with a
mixture of 50 mole percent nitrogen and 50 percent argon. The
reaction mechanism adds to that of example problem 8 a set of

nitrogen-oxygen reactions from reference 17. The problem
data file for this case is shown in table 4.17. Argon is now listed
as an inert species after the list of reactions, and all other data
are similar to those for the previous example problem.

Results of the rate coefficient sensitivity analysis are listed in
table 4.18. Although several of the same reactions appear here
and in table 4.16, there are significant differences in relative
sensitivity coefficient values for the two cases. First, the ben-
zene pyrolysis reaction, which was quite rate controlling for the
undiluted oxidation, was not important for the highly diluted
reaction. Also, the OH radical attack on benzene was a strongly
rate-controlling reaction for the diluted reaction but was not for
the pure benzene-oxygen reaction. This reaction is also listed in
the preceding example as a rate-controlling step in the lower
temperature ignition of benzene-oxygen mixtures. Finally, the
relative importance of the OH radical reactions with the species
C4H; and CsHs was quite different for the two benzene-oxygen
cases. As for the other test cases, table 4.18 demonstrates the
very good agreement between sensitivity coefficients calcu-
lated by the GLSENS and brute-force methods.

Table 4.19 shows sensitivity coefficients with respect to
initial temperature for both example problems 8 and 9. The
same dependent variables were used as in tables 4.16 and 4.18.
The GLSENS-computed values agreed well with those calcu-
lated by the brute-force method, as before. One interesting
point to note is that the sensitivity coefficient for temperature
was much higher for the diluted reaction than for the pure
benzene-oxygen reaction.

This example problem, along with the previous four, gives
users model problem data files from which most of their desired
PSR sensitivity analysis data files can be obtained with simple
modifications.
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TAPE

GLOBAL CODE-EXAMPLE PROB 1;

TABLE 4.1.—DATA FILE FOR EXAMPLE PROBLEM 1 (ALL-GLOBAL REACTIONS;
PERFECTLY STIRRED REACTOR PROBLEM)

&rtype global=.true.,gronly=.true., send

ALL GLOBAL REACTIONS; PSR PROBLEM

H20 + o} > H2 + 02
1. 1. 4.90E+10 .18 -510.
co + H20 > co2 + 82
1. 1. 1.30E+05 1.31 -7000.
Cco2 + H2 > co + H20
1. 1. 4.41E+10 .19 3527.
N2 + o) >2.0 NO
1. 1. 4.00E+14 .03 100000.
2.0 NO > N2 + 02
2. 2.00E+11 0. 38000.
CN +2.0 O > NO + co
1. 1. 8.30E+11 0. 0.
CN + NO > co + N2
1. 1. 1.25E+12 0. Q.
2.0 CH2 + N2 >2.0 CN +2.0 H2
1. 1. 5.00E+13 0. 54000.
CH2 + 02 > Co + H20
1. .5 3.50E+07 0. 5000.
02 + C3RHS8 >3.0 Cn2 +2.0 OH
1.6 .1 1.10E+12 0. 41000.
H2 + 02 >2.0 OB
1. 1. 1.00E+00 0. 4395080.
C3H8 +2.0 OH > B20 + C3HS8
.15 1. 1.98E+06 0. 4000.
(0): + H2 02 > H20 + 0
1, c. 1. 0.96E+12 -.1 1013.
AR
DISTANCE AREA C388
&prob welstr=.true.,
conc=.true., &end
&wsprob
delmd=200., dotmax=1600.,mpr=2,
volume=2500., &end

&start t= 800.,p=5.5,mdot= 100.,eratio=2.0,
sce=3,sch=8, &end

END

FINIS

TABLE 4.2.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 1 (PROPANE-AIR

COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature () = 800 K; pressure p = 5.5 atm; equivalence ratio ¢ = 2.0;

equilibrium temperature, 2020.68 K.]

Variable Convergence number
1 2 4 5
Temperature, T, K 1938.31 1909.97 1834.41 1779.68
Mass flow rate, m, g/s 800 1000 1400 1600
Residence time, T, ms 2.749 2.242 1.685 1.532
Number of iterations 14 3 3 4
Species mole fractions
C3Hg 1.3757x107 | 1.5092x102 | 1.8565%107 | 2.1350x1072
H, 8.6180x107 | 8.4019x1072 | 7.9412x1072 | 7.6161x107
0, 1.6866x107 | 2.0623x102 | 3.0477x1072 | 3.8108x1072
H,0 0.11378 0.11083 0.10326 | 9.7556x1072
co 0.11368 0.11067 0.10295 | 9.7126x1072
NO 43981107 | 6.5574x1075 | 1.2536x107* | 1.6608x107*
o 6.6436x107 | 9.9362x1075 | 1.9333x1074 | 2.6362x107*
OH 2.3687x107* | 2.8422x1074 | 3.5924x107* | 3.7941x107*




TABLE 4.3.—DATA FILE FOR EXAMPLE PROBLEM 2 (ALL GLOBAL REACTIONS)

TAPE
GLOBAL CODE EXAMPLE PROB. 2 ALL GLOBAL RXNS; NON REACTS CONTROL RATES
srtype global=.true.,gronly=.true., &end

B20 + o] > H2 + 02
1. 1. 4.90E+10 .18 -510.
co + H20 > co2 + H2
1. 1. 1.30E+05 1.31 -7000.
coz + H2 > co + B20
1. 1. 4.41E+10 .19 3527.
B2 + N2 + 02 >2.0 NO + H2
-.05 1. 1. 4.00E+14 .03 100000.
2.0 NO + B2 > N2 + 02
2. 0. 2.00E+11 0. 38000.
"2 + CN +2.0 O > NO + co
-.05 1. 1. 8.30E+11 0. .
CN + NO > ce + N2
1. 1 1.25E+12 0. .
02 +2.0 CH2 + N2 >2.0 CN +2.0 H2
~.05 1. 1. 5.00E+13 0. 54000.
CH2 + 02 > co + H20
1 .5 3.50E+07 0. 5000.
H2 02 + C3H8 >3.0 CH2 +2.0 OR
0.5 1.6 .1 1.10E+12 0. 41000.
C3H8 + H2 + 02 >2.0 OH + C3H8
0.5 1. 1. 1.00E+00 0. 49080.
c388 +2.0 OH > H20 + C3HS8
.15 1 1.98E+06 0. 4000.
OB + H2 + 02 > B20 + [¢]
1. 0. 1. 0.96E+12 -.1 1013.
AR
DISTANCE AREA C3H8

sprob welstr=.true.,
conc=_.true., &end
swsprob

delmd= 1., dotmax= 60.,mpr=1,

volume=10000.0,
&start t= 800.,p=5.5,
scc=3, sch=8, &end
END
FINIS

&end
mdot= 13.0

, eratio=l

.5

TABLE 4.4.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 2 (PROPANE-AIR
COMBUSTION IN PERFECTLY STIRRED REACTOR)
[Initial temperature 7 = 800 K; pressure p = 5.5 atm; equivalence ratio ¢ = 1.5;
equilibrium temperature, 2357.42 K.]

Variable Convergence number
1 5 9 13
Temperature, T, K 2016.44 1988.99 1947.33 1856.68
Mass flow rate, 7z, g/s 13 17 21 25
Residence time, T, ms 647.2 505.8 422.1 377.6
Number of iterations 33 3 3 4
Species mole fractions
C3Hg 1.1787x107 | 3.2999x107 | 5.9432x107 | 1.0688x1072
H, 8.8640x102 | 8.3809x107%| 7.8786x10 | 7.1373x107>
0, 2.6382x1072 | 3.1050x1072| 3.7508x1072 | 5.0324x1072
H,0 0.10713 0.10510 0.10143 | 9.3019x1072
co 0.11686 0.11159 0.10537 | 9.4443x1072
NO 9.5537x1077 | 1.1658x107°| 1.5018x107° | 2.0366x107°
0 53194x1077 | 6.9421x1077 | 9.4276x1077 | 1.3623x107°
OH 1.3385x107° | 1.4328x107%| 1.5275x1076 | 1.4894x107°

H2

H2

02

H2

(¢):]
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TABLE 4.5.—DATA FILE FOR EXAMPLE PROBLEM 3 (GLOBAL AND MOLECULAR REACTIONS;
PERFECTLY STIRRED REACTOR PROBLEM)

TAPE

GLOBAL AND MOLECULAR REACTIONS;

srtype global=.true.,gronly=.false., &end

o] +
B +
o] +
H +
(o} +
HO2 +
B +
B2 +
OH +
BO2 +
B +
M +
THIRDBODY
H2
END
H2 +
H +
THIRDBODY
02
END
M +
THIRDBODY
B2
END
B +
M +
TEIRDBODY
H2
END
M +
END
(o}3]
1.0
AR

H20
Q2
H2
HO2
HOZ
OH
HO2
HO2
H202
BO2
H202
B202

2.30

OH
02

1.30

4.00

0
H2

4.10

DISTANCE AREA
&prob welstr=.true.,
delmd= 50.,

&wsprob

sce=3, sch=8,

END
FINIS

02

N2

CN

0 CH2

CH2

02

H2

02

N2

02

02

c3a8

H2

1.

&end

[

+2

OH

o
b
+ 4+t

o
[N
o

+ + + +

.78

m
o
00
+ o+

1.3

02 >
4.00E+14

.0 NO >

2.00E+11

.00 >

8.30E+11
NO >
1.25E+12
N2 >
5.00E+13
02 >
3.50E+07
C3H8 >
1.10E+12
02 >
1.00E+00

.0 OB >

1.98E+06
02 >
0.96E+12

conc=,true.

[e}:1 6.8E+13
e} 1.89E+14 0.
H 4.20E+14 0.
02 7.28E+13 0.
02 5.0E+13 0.
02 8.0E+12 0.
1.34E+14 0.
H 7.91E+13 0.
BO2 6.1E+12 0.
02 1.8E+12 0.
H20 7.8E+11 0.
1.44E+17 0.
H20 6.0 HZ202
H 4.74E+13 0.
M 1.46E+15 0.
H20 21.3 B2
OB 1.30E+15 0.
H20 20.0 N2
M 7.1E+18 -~1.
-1 2.2E+14 0.
H20 15.0 N2
(o] 1.80E+18 -1.
2.0 NO
.03 100000.
N2 + 02
o. 38000.
NO + co
0. 0.
co + N2
0. 0.
2.0 CN +2.0 B2
0. 54000.
co + H20
0. 5000.
3.0 CH2 +2.0 OH
0. 41000.
2.0 OH
0. 49080.
B20 + C3E8
0. 4000.
H20 + o]
-.1 1013.
C388
,» &end
volume= 500.,

dotmax=2500., mpr=1,
sstart t= 800.,p=5.5,mdot= 200.,eratio=1.5,

EXAMPLE PROBLEM 3

o

&end

OB

105140.
1.5

0.
96000.

2.0

118020.



TABLE 4.6.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 3 (PROPANE-AIR
COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature 7() = 800 K; pressure p = 5.5 atm; equivalence ratio @ = 1.5;
equilibrium temperature, 2320.64 K.]

Variable Convergence number
1 2 4 5
Temperature, 7, K 2176.82 2142.84 2072.33 2034.80
Mass flow rate, 71, g/s 200 250 350 400
Residence time, T, ms 2.019 1.643 1.217 1.086
Number of iterations 13 3 3 3
Species mole fractions
C3Hy 4.1056x1073 | 4.5191x1073| 5.5855x107 | 6.3101x10
H, 9.0557x107* | 6.1544x107*| 1.1805x10™* | 2.6380x10~°
0, 1.0693x1072 | 1.3130x1072| 1.8679x1072 | 2.1946x102
H,0 0.18363 0.18112 0.17541 0.17205
co 0.13698 0.13476 0.12996 0.12724
NO 2.8546x107* | 3.2885x107*| 4.1960x107* | 4.6932x107
0 4.3280x107* | 5.0000x107*| 6.4372x107* | 7.2552x107%
OH 37450107 | 3.8708x1073| 4.0143x1073 | 4.0424x1073
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TABLE 4.7.—DATA FILE FOR EXAMPLE PROBLEM 4 (INTEGRATION CASE FOR MECHANISM WITH
GLOBAL AND MOLECULAR REACTIONS)

TAPE
GLOBAL LSENS CODE~-EXAMPLE PROBLEM 4; INTEGRATION CASE BOTH TYPES OF REACTION
srtype global=.true.,gronly=.false., &end

H20 + Q > H2 + 02 4.90E+10 .18 -510.
2.00 > Q2 4.56E+11 .027 -1849.
02 >2.00 2.78E+16 -.92 118954.
co + (o} > co2 8.43E+09 -.001 1000.
co2 > Co + o] 9.08E+18 -1.84 130754.
CH2 + e} > co + H2 0.69E+11 1. 0.
Cco + B2 > CE2 + o] 5.38E+10 1.44 177439.
N2 + 02 >2.0 NO
1. 1. 4.00E+14 .03 100000.
2.0 NO > N2 + 02
2. 2.00E+11 0. 38000.
CN +2.0 O > NO + CcO
1. 1. 8.30E+11 0. 0.
CN + NO > co + N2
1. 1. 1.25E+12 0. 0.
2.0 CH2 + N2 >2.0 CN +2.0 H2
1. 1. 5.00E+13 0. 54000.
CH2 + 02 > [elo} + B20
1. .5 3.50E+07 0. 5000.
Q2 + C3E8 >3.0 CH2 +2.0 OB
1.6 .1 1.10E+12 c. 41000.
C3H8 + H2 + 02 >2.0 OB + C3E8
.0 1. 1. 1.00E+00 0. 49080.
C3H8 +2.0 OH > H20 + C3HS + 0
.15 1. 1.98E+06 0. 4000.
AR
TIME C3ES8

&prob rhocon = .true., print = l.e-6, l.e-4, 0.2, .3, .5 .575, .580,
.585, .590, .592, .5923, .5925, .5827, .583,
sencal = .true., tiny =l.e-3, &end
&start t= 850., p=5.5, eratio=2.0,
scc=3,sch=8, &end

END

&solver emax = l.e-7, atolsp = l.e-16, &end

SENSVAR

520 C3H8 OH NO co co2 CE2 TEMP
END
REAC

&senrxn allrxn = .true., output = .false., order = .true.,

sensaj = .true., &end

FINIS

TABLE 4.8.—COMPUTED RESULTS FOR EXAMPLE PROBLEM 4
(PROPANE-AIR COMBUSTION AT CONSTANT VOLUME)
[Initial temperature 7 = 850 K; initial pressure py = 5.5 atm; equivalence ratio ¢ = 2.0; reaction time # = 592.5 ms.]

Variable EMAX value (ATOLSP = 1()79EMAX)
107 1076 1077

Value Sensitivity Value Sensitivity Value Sensitivity

coefficient coefficient coefficient

with respect with respect with respect
to Ay oAy oAy
Temperature, 7, K 1644.28 533 1419.60 173 1418.98 172

Mole fraction:

C3Hg 3.8686x1072 -1250 5.1507%x1072 =215 5.1539x1072 214
H,0 8.8096x1072 1370 6.1291x1072 492 6.1220x1072 490
Co 8.7686x1072 1380 6.0894x1072 494 6.0823x1072 492
NO 6.1677x1077 3470 1.5784x1077 1970 1.5707x1077 1970
OH 8.8876x107* 3820 2.4437x107* 1850 2.4325%107* 1840




TABLE 4.9.—DATA FILE FOR EXAMPLE PROBLEM 5 (HYDROGEN-OXYGEN PSR SENSITIVITY)

TAPE
LSENS HYDROGEN - OXYGEN PSR WITH SENSITIVITY ANALYSIS
srtype &end
Q + H20 - OH + OR 6.8E+13
H + 02 = CH + (o] 1.89E+14 0.
o] + H2 = OH + H 4.20E+14 0.
B + HO2 = H2 + o2 7.28E+13 0.
[¢) + BO2 = OH + 02 S5.0E+13 0.
HO2 + [o]:] = H20 + o2 8.0E+12 0.
H + HO2 =2.0CH 1.34E+14 0.
B2 + HOZ2Z = H202 + H 7.91E+13 0.
(0] :4 + H202 = H20 + HO2 6.1E+12 0.
BOZ2 + BO2 = H202 + o2 1.8E+12 0.
B + H202 = OB + H20 7.8E+11 0.
M + B202 =2.,00H 1.44E+17 0.
THIRDBODY
a2 2.30 02 .78 H20 6.0 B202
END
H2 + OH = H20 + B 4.74E+13 0.
H + 02 = HO2 + M 1.46E+15 0.
THIRDBODY
02 1.30 H20 21.3 B2
END
M + A20 = B + OH 1.30E+15 0.
THIRDBODY
B2 4.00 02 1.5 H20 20.0 END
B + 0 = OH + M 7.1E+18 -1,
M + B2 = H + B 2.2E+14 0.
THIRDBCDY
"2 4.10 02 2.0 H20 15.0 END
M + 02 = o - + o} 1.80E+18 -1.
TIME

sprob welstr = .true., sencal = .true., tiny = l.e-3, é&end

swsprob dotmax=10200., delmd=2000., mpr = 1, volume= 2000., send

&start t =298, p= 2.0, mdot = 200., send
B2 0.6667
0z 0.3333
END
SENSVAR
o B20 OH :1 02 B2 802
TEMP END
INIT
TEMP END
REAC
&senrxn sensaj = .true., allrxn = .true., order = .true.,
output = .false., &end
FINIS .

(=]

18365.
16400.
13750.
2126.
1000.

1070.
25000.
1430.
0.

45510.

6098.
-1000.

3.0

105140.

0.
96000.

118020.

H202
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TABLE 4.11.—DATA FILE FOR EXAMPLE PROBLEM 6 (PSR SENSITIVITY
WITH GLOBAL AND MOLECULAR REACTIONS)

TAPE

GLOBAL AND MOLECULAR REACTIONS; EXAMPLE PROB. 6 FOR PSR

&rtype global=.true.,gronly=.false., &end

] + H20 = [o}:4 + OH 6.8E+13 0. 18365.
H + 02 = OH + [0 1.839E+14 0. 16400.
e} + H2 = OH + H 4.20E+14 0. 13750.
H + HO2 = - ¥4 + 02 7.28E+13 0. 2126.
o} + HO2 = OH + Q2 5.0E+13 0. 1000.
HO2 + (0334 = H20 + 02 8.0E+12 0. 0.
8 + HO2 =2.00E 1.34E+14 0. 1070.
B2 + HO2 = H202 + H 7.91E+13 0. 25000.
[o]:] + H202 = H20 + HO2 6.1E+12 0. 1430
HC2 + HO2 = H202 + 02 1.8E+12 0. 0.
H + H202 = [0):4 + H20 7.8E+11 O. 0.
M + B202 =2.0CH 1.44E+17 0. 45510
THIRDBODY
B2 2.30 02 .78 H20 6.0 B202 6.6
END
B2 + CH = B20 + H 4.74E+13 0. 6098.
B + 02 = BO2 + M 1.46E+15 0. -1000.
THIRDBODY
02 1.30 N2 1.3 H20 21.3 H2 3.0
END
M + H20 = B + OH 1.30E+15 0. 105140.
THRIRDBODY
H2 4.00 02 1.5 B20 20.0 N2 1.5
END
B + o] = OH + M 7.1E+18 -1. 0.
M + B2 = H + B 2.2E+14 0. 96000.
THIRDBODY
B2 4.10 02 2.0 B20 15.0 N2 2.0
END
M + 02 = [¢] + o} 1.80E+18 -1. 118020.
END
N2 + o2 >2.0 NO
1. 1. 4.00E+14 .03 100000.
2.0 NO > N2 + 02
2. 2.00E+11 0. 38000.
N +2.0 0 > NO + co
1. 1. 8.30E+11 0. 0.
CN + NO > co + N2
1. 1. 1.25E+12 0. 0.
2.0 CH2 + N2 >2.0 CN +2.0 H2
1 1. 5.00E+13 c. 54000.
CH2 + 02 > co + B20
1. .5 3.50E+07 0. 5000.
02 + C3H8 >3.0 CH2 +2.0 OR
1.6 .1 1.10E+12 0. 41000.
B2 + 02 >2.0 COH
1. 1. 1.00E+00 0. 49080.
C388 +2.0 08B > H20 + C3HS8 + o]
.15 1. 1.98E+06 0. 4000.
[e):4 + B2 + 02 > H20 + o] + OH
1.0 0 1. 0.96E+12 -.1 1013.
AR
DISTANCE AREA C3E8
&prob welstr=.true., sencal = .true., tiny = 1.0e-3,
conc=.true., é&end
swsprob
delmd= 50., dotmax= 800.,mpr=1,
volume=500., &end
&start t= 800.,p=5.5,mdot= 200.,eratio=1.5,
scec=3,s8ch=8, s&end
END
SENSVAR
C3H8 H2 02 OH H20 NO TEMP END
INIT
TEMP END
REAC
s&senrxn sensaj = .true., order = .true., allrxn = .true.,
output = .false., &end
FINIS
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TAPE
LSENS
srtype

CH3

M
H
cHa4
0
oB
CH3
CH3

CH3

CH
C2HS

CH3

C284
C2H4
C2H4
c2H4

C2H3
C2H3
C2H3
C2H3
C2H3
C2H3

C282
C2H2
C2H2
C2H2
C2H

C2H

C2HO
C2HO
C2HO
C2HO
C2HO
C2HO

C2H20
C28B20
C2H20
C2H20
C2H20
C2H20

C2B
CH30
CH30

CH20
CB20
CH20
cH3
CH3
CH3

TABLE 4.13.—DATA FILE FOR EXAMPLE PROBLEM 7 (PROPANE-AIR PSR)

PROPANE -~ AIR

+

R R R i I T i T I TR E aE o T T T I S S U Ui A TP

send
C3HS8
C3HS8
C3H7
CH4
CH4
02
CH4

2.0C2HO

B I 2k 2k 25 2 T s

CH3
CH3
CH3

WELL-STIRRED REACTOR WITH SENSITIVITY

L T T T ' T N IO T A T (T '}

| N A | N T R

C2H5
CH4
C2H4
CH3
CH3
CH3
CH3
CH3
CH30
CH30
CH20Q
C2H6
C2E5
C2HS5
C2B5
C2H4
c284
C2B4
C2E4
H2
C2B2
C2H3
CH3
CH3
CH20
C282
CH20
C2R2
C2EB20
C2B2
C2H2

2.0C2EH2

C2H
ca2
C2HO
C2H
C2H20
C2HO
C2E0

=2.0C0
=2.0C0
=2.0BCO

LN 1T NV Y Y N N T I N |

CH2
C2E3
CB20
C2H2
CH20
C2EO
CE3
C2EO
C2HO
CB20
CH2
Co
CH20
CH20
HCO
HCO
HCO
BCO
CE4
CH4
CH30
CH2
H2
OH

R I S A T

R I T A R A R R R

+ b+

I K TR R S S S S A R

CH3
C3H7
CH3
H
H2
HO2
CH
220
o]

H

H

H2
0}:4
H20
H
HOZ2
H2

H
C2H3
H2
H20
CH20
HCO
ca2
H
HCO
B2

B
B20
CE3

CH2

5.0E+15
3.55E+12
3.0E+14
2.0E+17
1.26E+14
7.94E+13
1.9E+14
2.5E+13
2,4E+13
6.3E+12
5.0E+13
2.4E+14
1.32E+14
1.13E+14
.7TE+13
.0E+17
.0E+12
.8E+13
.0E+13
.S5E+14
.6E+17
4.8E+12
2.0E+12
3.3E+12
2.5E+13
3.0E+15
3.98E+12
6.0E+12
3.3E+13
5.0E+12
3.0E+13
3.0E+13
4.2E+16
1.6E+14
4.0E+14
6.3E+12
3.2E+11
5.00E+13
2.0E+13
1.46E+12
1.202E+12
1.0E+13
5.0E+13
3.0E+13
1.0E+13
1.0E+13
2.8E+13
7.5E+12
1.13E+13
7.5E+13
5.0E+13
2.0E+13
2.0E+16
5.0E+13
1.0E+13
2.0E+13
5.0E+16
3.0E+13
2.5E+13
3.5E+13
1.0E+10
3.0E+11
2.0E+13
1.95E+16
2.7E+11
1.9E+11

LV e N S

COO0OO0OOCOOO
S v e e« e e
.

.

oo ocoo0O |l oo
)

P O
.

OO0 O00O0O

83500.
10300.
33200.
88000.
11900.
56000.
11720.
5010.

28680.

21000.

9700.

7850.

3520.

31000.

5000.
0.

10200.
79300.
1230.
960.
1130.
5000.
32000.
-250.
0.
0.
0.
0.
0

9890.
10660.

7000.

200.
1500.

0.
2500.
0.

6006.

91600.
25700.

25700.

107000.
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OH + CH3
CH + c02
CH + 02
CH2 + 02
CH2 + (o]
CH2 + QH
CH2 + B
CH2 + CH2
CH2 + CH2
HCO + 02
HCO + (o}
HCO + Of
HCO + H
M + BCO
co + 0
co + 02
co + OH
co + HO2
o] + H20
H + 02
[¢] + H2
H + HO2
o) + HO2
HO2 + OH
H + BO2
H2 + HO2
OH + H202
BO2 + BO2
H + H202
M + B202
THIRDBODY

H2 2.30

END
H2 + CH
B + 02
THIRDBODY

02 1.30

END
M + H20
THIRDBODY

H2 4.00

coz 4.0
H + o]
M + H2
THIRDBODY

H2 4.10

END
M + 02
CE + N2
CN + H2
o] + HCN
OH + HCN
N + (o]
CN + OH
H2 + NCO
HNCO + B
CN + Q2
CN + coz2
0 + NCO
N + NCO
;8 + NCO
CH + NO
CH + NO
NH + OH
HOZ2 + NO
o} + NO2
NO + o
NO2 + H

02

N2

02
END

02

[/ T O T A T I DO AR N NN BN N A |

[

B

I I I A T T T T N R N |

TABLE 4.13.—Continued.

H20
HCO
HCO
CH20
CH

.78

HCN
HCN
CH
ENCO
co
NCO
HNCO
NH2
NCO
NCO

N2
NH

NO2
NO
NO2
NO

I I A A A A R R R R R

+ 4+ 4+

+

++

PO TRk S TR 2E S S S S

cH2
Cco
0
0
OH
H20
B2
=
B2
HO2
OH
B20
H2
co

H20
OH

H20

m

B20

szo

oQmmZm

2.7E+11
3.7E+12
1.0E+13
5.0E+11
2.0E+11
5.0E+11
3.2E+11
5.0E+12
4.0E+13
.0E+13
.0E+13
.0E+13
.0E+13
.9E+14
.4E+15
.5E+12
4.17E+11
5.75E+13

6.8E+13
1.89E+14
4,20E+14
7.28E+13

5.0E+13

8.0E+12
1.34E+14
7.91E+13

6.1E+12

1.8E+12

7.8E+11
1.44E+17

RN WWW

6.0 H202

4.74E+13
1.46E+15

0.
0.

21.3 co2

1.30E+15

20.0 N2

7.1E+18
2.2E+14

15.0 N2

1.80E+18
1.0E+11
6.0E+13
1.4E+411
4.0E+11
1.2E+13
2.5E+14
1.0E+14
1.0E+14
3.2E+13
3.7E+12
2.0E+13
1.0E+13
2.0E+13
1.6E+13
2.0E+12
5.0E+11
2.09E+12
1.0E+13
5.62E+15
3.47E+14

0.

~1.
0.

1.5

118020.
19000.
5300.
16500.

2800.

0.
6000,
9000.
8500.
1000.

0.

0.

0.

0.
9940.
0.
2000.
-477.

596.

-1160.

1470.



TABLE 4.13.—Concluded.

NO + *H = N + OH 2.63E+14 0. 50410.
NO + 0 = N + 02 3.8E+9 1. 41370.
o] + N2 = NO + N 1.80E+14 0. 76250.
N + NOZ =2.0NO 4.0E+12 0. 0.
M + N20 = N2 + O 6.92E+23 -2.5 65000.
0 + N20 = N2 + 02 1.0E+14 0. 28020.
o] + N20 =2.0NO 6.92E+13 0. 26630.
N20 + H = N2 + OH 7.59E+13 0. 15100.
NO2 + H2 =  HNO2 + B 2.4E+13 O. 29000.
OH + NO2 = ENO3 + M 3.0E+15 O. -3800.
THIRDBODY
02 0.70 H2 1.4 END
o8 + NO =  HNO2 + M 5.6E+15 0. -1700.
HNO + B = B2 + NO 5.0E+12 0. 0.
B + NO = HNO + M 5.4E+15 0. -600.
HNO + OH = H20 + NO 3.6E+13 O. 0.
AR
TIME
sprob welstr=.true., conc=.false., sencal = .true.,
tiny = 1.e-3, &end
&wsprob dotmax=1600.0, delmd=800.0, volume=300.0,
wsrhtr=.true., wsrhtl=0,05, wsrht0=-42.88, &end
gstart t=614.0, p=5.0, mdot=10.0, molef=.false., &end
C3H8 0.0873262
N2 0.6892887
02 0.211232
AR 0.011737
co2 0.0004162
END
INIT
TEMP END
SENSVAR
C3H8 CH4 CH3 H2 oH H20 C2H2 C2E86
ole] TEMP END
REAC
ssenrxn sensaj = .true., order = .true., rxnum =1.,4.,5.,11, 13.,15.,19.,
35., 37., 49., 64., 83., 86., &end
FINIS
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TABLE 4.15.—DATA FILE FOR EXAMPLE PROBLEM 8 (BENZENE-OXYGEN PSR)

TAPE
C6B6 OXYGEN
srtype
CéH6
C6H6

C6HS6
C6H6
C6H6
M

C6H5
C6H5

C6HSOH
CB6HS0H
CSHS

C5H6
C6H50H
C6H50H

C5HS
CSH5

C5H5
C5H6

C4H2
C4H2
C4E2
M
C2H4
C284
C2H4
C2H4
M
C2H3
C2H3
C283
C2H3
C2E3
C2H3
cH2
CH2
cH2
CH2
CH2

M
C2H2
c282
C2H2
C2H2
C2H2
c282
C2820
C2820
C2B20
C2H20
C2H20
C2B20
M

NO ARGON
send
02
C6H5
C6HS
B
o}
on
C4H3
C6HS50
02
BO2
C685
C6H50H

+ H

H

+ C6H50H

CS5H6

+ 02

+ OH

+ HO2

CSESO

+ o]

+ OH

CSH40B
+ HO2
HO2
2.0C6H5
C485

+ o+

+ 4+

+

+

+

C2H

cH2
cH2
OH

02
C2H2
C2H2

R R T IR I T S i i S S A A S R E R R E E R R s

PSR SENSITIVITY TEST CASE;

LU T N TN A R AR A A DA NN N T U N N D AN NN OO | 2 N A I N O |

C6R50
Ci2H10
C6H5
C6H5
C6R50
C6HS5
C4H2
C585
C6RH50
C6E50
C4H3
C6H50
C6HE
C6H50
C6HS50
C5HS5
C5H30
C6H50
C6HE50
C4E5
C5HS0
C5B40H
C4H4
CS5H50
C5H50
Cl2E10
C2H3
C2HO
HCO
co
C2H2
C2E3
CH3
CH20
CH3
C2H2
CH20
C2H2
C2H2
C2RH2
2.0C2H2
C2H20
c2H2
C2H3
os:
CH
co2
C2H
C4H3
CH2
C2HO
czg
C2E20
C4H2
CH20
C2HO
CB3
C2BO
C2HO
CH20
CcH2

Ik T T IR T T T T SR T S S U S e

+ o+ + o+

R R R

4+ 4k

OH

H

H

H2

H
H20
H
co
0
OH
c282
H
03
H2
C5Hé
H
OH
H20
H202
co

H
HCO
OH
B20

C2H2
C2H

C3H2
C3B2

H20
HCO
CE2
CH20
HCO
H20
CH3
B2

820

[o]
I

4
N
(=]
=+

A L R It

MECHANISM K-72

4.0E+13
4.0E+11
S.0E+15
2.5E+14
2.783E+13
2.132E+13
1.0E+16
2.51E+11
2.1E+12
2.0E+13
4.50E+13
2.00E+16
2.20E+13
1.15E+14
2.67E+14
8.13E+24
1.0E+13
3.0E+13
.QE+13
.0E+16
.0E+13
.CE+13
.QE+15
.0E+13
.QE+13
.1E+12
.4E+13
1.0E+13
3.0E+13
1.2E+12
9.33E+16
4.786E+12
3.311E+12
2.512E+13
1.995E+12
3.0E+15
3.98E+12
6.0E+12
5.012E+12
3.020E+13
3.020E+13
3.3E+13
4.0E+13
5.012E+12
2.51E+11
2.0E+11
1.59E+12
4.169E+16
2.0E+12
1.6E+14
4.0E+14
6.310E+12
3.2E+11
3.0E+13
2.8E+13
7.5E+12
1.13E+13
7.5E+13
5.0E+13
2.0E+13
2.0E+16

HWOMNMFHWW

OO0 00

}
CO0OQOOQOODOVOOVOLOONODODOODOOOLO O
0 (=]

.

[e4]
[



TABLE 4.15.—Continued.

C2RHO + 02 =2.0C0 + CH 1.46E+12 0. 2500.
C2HO + (0] =2,0C0 + B 1.202E+12 0. 0.
C2HO + OH =2.0HCO 1.0E+13 Q. 0.
C2HO + H = CH2 + co 5.0E+13 0. o.
C2HO + CH2 = C2H3 + co 3.0E+13 0. 0.
C2H0 + CH2 = CH20 + C28 1.0E+13 0. 2000.
2.0C2HO = C2H2 +2.0CO 1.0E+13 0. 0.

C2H + CH = C2HO + B 2.0E+13 0. 0.
C2RH + 02 = C2HO + (o] 5.00E+13 0. 1500.
C2H + o} = co + CH 5.012E+13 0. 0.
M + CH4 = CH3 + H 2.0E+17 0 88000.
CB4 + 02 = CH3 + HOZ2 7.943E+13 0 56000.
CH4 + B = CH3 + H2 1.26E+14 0. 11900,
OH + CE4 = CH3 + H20 2.5E+13 0. 5010.
[o] + CB4 = CH3 + CH 1.9E+14 0. 11720.
CH3 + 02 = CH30 + o] 4.786E+13 0. 29000.
CH3 + OH = CH30 + H 6.3E+12 0. 0.
M + CH30 = CH20 + B 5.0E+13 0. 21000.
CH30 + 02 = CH20 + BO2 1.0E+12 0. 6000.
CH30 + H = CH20 + H2 2.0E+13 0. 0.
CH3 + CH3 = C2H4 + B2 1.0E+16 0. 32000.
CH3 + 0 = CH20 + H 1.288E+14 0. 2000.
CH3 + CH20 = CE4 + HCO 1.0E+10 0.5 6000.
CH3 + HCO = CH4 + co 3.020E+11 .S 0.
CH3 + HO2 = CH30 + OH 2.00E+13 0. 0.
M + CH20 = HCO + H 5.0E+16 Q. 81000.
CH20 + o’ = HCO + H20 3.0E+13 0. 1200.
CH20 + B = HCO + H2 2.5E+13 0. 3990
CH20 + © - HCO + OH 3.5E+13 0. 3510.
HCO + HO2 = CH20 + 02 1.0E+14 0. 3000.
M + BCO = B + elo] 2.94E+14 0 15569.
HCO + 02 = CO + HO2 3.311E+12 0. 7000.
BCO + OR = CcO + H20 1.CE+14 0. 0.
BCO + B = Cco + H2 1.995E+14 0. g.
HCO + o] = co + )= 1.0E+14 0 0.
CH + 02 = HCO + (o] 1.0E+13 0. 0.
co + 0 = co2 + M 5,9E+15 0. 4100.
cO + 02 - co2 + (o} 2.5E+12 0. 47690.
co + OH = co2 + H 4.17E+11 0. 1000.
co + BO2 = co2 + OR 5.75E+13 0. 22930.
(o} + H20 = OB + OH 6.8E+13 0. 18365.
H + 02 = OH + (o] 1.89E+14 0. 16400.
o] + B2 = OH + H 4.20E+14 0. 13750.
H + HO2 - H2 + 02 7.28E+13 0. 2126.
(o] + HO2 = OH + 02 5.0E+13 0. 1000.
BO2 + OH =. H20 + 02 8.0E+12 0.
B + HO2 =2.008 1.34E+14 0 1070
B2 + BO2 - H202 + H 7.91E+13 0. 25000
OR + H202 - B20 + HO2 6.1E+12 0. 1430.
HO2 + HO2 - B202 + o2 1.8E+12 0 C.
H + B202 = CH + B20 7.8E+11 0 0.
M + H202 = OH + OH 1.44E+17 0. 45510
THIRDBODY :

B2 2.30 02 .78 H20 6.0 B202 6.6

END
H2 + OB = H20 + B 4.74E+13 0. 6038.
: | + 02 = HOZ2 + M 1.46E+15 0. -1000.
TEIRDBODY

02 1.30 co2 7.0 820 21.3 EH2 3.0

CEH6 20.0 CH4 5.0 END
M + H20 = H + OH 1.30E+15 0. 105140.
THIRDBODY

g2 4.00 02 1.5 H20 20.0 C6H6 20.0

co2 4.00 END
H + 0 = OB + M 7.1E+18 -1. 0.
M + B2 = B + B 2.2E+14 0. 96000.
THIRDBODY

H2 4.10 02 2.0 H20 15.0 END

M + o2 = 0 + ¢] 1.80E+18 -1. 118020.
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TABLE 4.15.—Concluded.

DISTANCE AREA
éprob welstr=.true., sencal = .true., tiny = l.e-3, s&end
swsprob dotmax= 6000., delmd= 1000., mpr= 1, volume = 1000.,
wsrhtr =.true., wsrhtl= .05, wsrht0 = -42.88, send

gstart t= 614., p = 5.0, mdot= 1000., send
C6R6 .11765
02 .88235
END
INIT
TEMP END
SENSVAR
[of 31 C6H50 o)1 C6H5 H20 co CeH50H C282
C585 CH20 TEMP END
REAC

&senrxn sensaj=.true., order =.true., output =.false., allrxn=.true., &end
FINIS
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TABLE 4.17.—DATA FILE FOR EXAMPLE PROBLEM 9 (BENZENE-OXYGEN-NITROGEN-ARGON PSR)

TAPE

C6B6-02-N2 PLUS ARGON PSR CASE WITH SENSITIVITY - MECHANISM K-72

srtype
C6H6
C6H6

C6H6
C6H6
C6H6
M

C6H5
C6RHS5

C6H50R
CEH50H
C5B5

C5H6
CEH50H
C6HS50H

C5H5
C5ES5

C5HS
CS5H6

C4H2
C4H2
c482
M
C2H4
C2H4
C2H4
c284
M
C2H3
C2H3
c283
C283
C2H3
C2H3
04: -4
CH2
CH2
CH2
CH2

M
C2H2
C2H2
C2H2
c2H2
C2H2
C2H2
C2H20
C2H20
C2H20
C2H20
C2H20
C2B20

send
02
C6HS
CeHb6
H
(o]
OH
C4H3
C6HS0
02
HO2
C6HS
C6H50R
+ H
H
+ C6H50H
C5H6
+ 02
(0) 2
+ BO2
C5H50
o]
+ OH
C5H40H
+ HO2
HO2
2.0C6HS
C485
o}
OH
o}
C284
OH
o}
0
OH
C2H3
02
B
OH
CH2
C2H
0
CB2
CHE2
OH
(o}
02
C2H2
C2RH2
(o}
(o]
OH
OH
C2H
OH
OH

+ +

++ o+

+

+

+

+

R I I I I I T A A R R K I T T O I S A ur ey

C6H50
C1l2H10
C6HS
CéRn5
C6H50
C6HS
C4H2
C5H5
C6HE50
C6H50
C4H3
C6H50
C6Hb6
C6HS50
C6RE50
C5H5
C5ES50
CEHS0
C6R50
C4H5
CS5H50
C5H40R
c484
C5850
C5850
Cl2H10
C2H3
C2HO
BCO
co
C2H2
C2H3
CH3
CH20
CH3
C2H2
CH20
C2H2
C2H2
C2H2
=2.0C28H2
C2H20
C2H2
C2H3

LI A N D U N DN DA D DN NN NN NN U N R NI NI NN I TN T A |

[N S I T N NN I T B BN NN RN BN IR N}
&
o

R EE R EE R ey

R I R A

4+ o+

OH
-4
H
H2

c282

c382
C382

H20
HCO
CB2
CH20
HCO
H20
CH3
B2

B20

[e]
m

+
[N ]
o
o

N E R e

m O
o

B20

HCO
H20

B2
OH
co

4.0E+13
4.0E+11
5.0E+15
2.5E+14
2.783E+13
2.132E+13
1.0E+1l6
2.51E+11
2.1E+12
2.0E+13
.50E+13
.00E+16
.20E+13
.15E+14
.67E+14
.13E+24
1.0E+13
3.0E+13
3.0E+13
3.0E+16
1.0E+13
1.0E+13
1.0E+15
2.0E+13
5.0E+13
3.1E+12
1.4E+13
1.0E+13
3.0E+13
1.2E+12
9,33E+16
4.786E+12
3.311E+12
2.512E+13
1.995E+12
3.0E+15
3.98E+12
6.0E+12
5.012E+12
3.020E+13
3.020E+13
3.3E+13
4 .0E+13
5.012E+12
2.51E+11
2.0E+11
1.59E+12
4.169E+16
2.0E+12
1.6E+14
4.0E+14
6.310E+12
3.2E+11
3.0E+13
2.8E+13
7.5E+12
1.13E+13
7.5E+13
5.0E+13
2.0E+13
2.0E+16

QO B = NN

t

[eNolyeNa)
P

DO0OO0OO0ODOOOOOOOONOOOOODODOOOCOO

(=]

\0
w
=



C2HO + 02
C2HO + 0
C2HO + OH
C2HO + 4
C2HO + CH2
C2HO + cH2
2.0C2BO
C2H + OH
C2H + 02
C2H + o
M + CH4
CH4 + 02
CH4 + H
OH + CH4
0 + CH4
CH3 + 02
CH3 + OH
M + CH30
CH30 + 02
CH30 + =8
CH3 + CH3
CH3 + o]
CH3 + CH20
CH3 + HCO
CH3 + HO2
M + CH20
CH20 + OH
CH20 + H
CH20 + o]
BCO + HO2
M + HCO
BCO + 02
BCO + OH
HCO + B
HCO + o]
CH + 02
co + o]
co + 02
co + OH
co + HO2
o} + H20
H + 02
0 + H2
H + HO2
o} + HO2
HO2 + OH
B + HO2
H2 + HO2
OH + H202
BO2 + HO2
8 + B202
M + B202
THIRDBODY
H2 2.30
END
B2 + OH
)= + 02
THIRDBODY
02 1.30
C6H6 20.0
M + B20
TEIRDBODY
H2 4.00
c02 4.00
1 + 0
M + H2
THIRDBODY
H2 4.10
END

=2

=2

=2

| T O T O T T T T T T O A T T I T O T R I R R T

U I I I |

02

N2
CB4

02
Cé6B6

02

TABLE 4.17.—Continued.

.0CO

.0Co

.QHCO
CH2
C2H3
CH20
C2H2
C2HO
C2HO
co
CH3
CH3
CH3
CH3
CH3
CH30
CH30
CH20
CH20
CH20
C2H4
CH20
CE4

CH30

H20
HO2

L R IR e 2 TR I TR ok T T i JE IE I S S e PR

+ o+

+

OH

BO2

H20
OH

B20

H20
(0):4

H20

H20

1.46E+12 0.

1.202E+12 0.

1.0E+13 0
5.0E+13
3.0E+13
1.0E+13 0
1.0E+13
2.0E+13
5.00E+13
5.012E+13 0
2.0E+17 0.
7.943E+13 0.
1.26E+14 0.
2.5E+13 0.
1.9E+14

o

4.786E+13 0.

6.3E+12 0.
5.0E+13 0
1.0E+12 0.

2.0E+13 0.

1.0E+16
1.288E+14
1.0E+10
3.020E+11 .5
2.00E+13 0.
5.0E+16 0

O OO
v e

3.0E+13 0.

2,.5E+13
3.5E+13
1.0E+14
2.94E+14
3.311E+12

00000

1.0E+14 0.

1.995E+14
1.0E+14
1.0E+13
5.9E+15
2.5E+12
4.17E+11
5.75E+13
6.8E+13
1.89E+14
4.20E+14
7.28E+13
5.0E+13
8.0E+12
1.34E+14
7.91E+13
6.1E+12
1.8E+12
7.8E+11
1.44E+17

.

(e NoNoloNoNeNel
N O e . .

.

.

COO0OQ0O0O0ODOLOOOO

6.0 H202

4 74E+13 0.
1.46E+15 0.

21.3 co2
3.0 END
1.30E+15 0.

20.0 N2

7.1E+18 ~-1.

2.2E+14 0.

15.0 N2

oo

(= 3 e 2 oo B

105140.

1.5

0

2.0

96000.
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TABLE 4.17.—Concluded.

M + 02 = 0 + 0 1.80E+18 ~-1. 118020.
BO2 + NO = NO2 + OH 2.09E+12 0. -477.
o + NO2 = NO + 02 1.0E+13 0. 596.
NO + (o] = NO2 + M 5.62E+15 c. -1160.
NO2 + H = NO + OH 3.47E+14 0. 1470.
NO + o] = N + 02 3.8E+9 1. 41370.
(o] + N2 = NO + N 1.8E+14 0. 76250.
NO + H = N + 0H 2.63E+14 0. 50410.
M + N20 = N2 + o} 6.92E+23 -2.5 65000.
o + N20 = N2 + 02 1.0E+14 0. 28020.
(o] + N20 =2.0NO 6.92E+13 0. 26630.
N + NO2 =2 .0NO 4_.0E+12 0. 0.
N20 + B = N2 + OH 7.59E+13 0. 15100.
NO2 + B2 =  HNO2 + 2.4E+13 0. 23000.
(0):1 + NO2 =  HNO3 + M 3.0E+15 O. -3800.
THIRDBODY

02 0.70 H2 1.4 END
OH + NO =  HNO2 + M 5.6E+15 0. -1700.
HNO + B = H2 + NO 5.0E+12 0. 0.
H + NO =  HNO + M 5.4E+15 0. -600.
HNO + OH = H20 + NO 3.6E+13 0. 0.

AR

DISTANCE AREA

sprob welstr=.true., sencal = .true., tiny = l.e-3, é&end

swsprob dotmax= 6000., delmd= 1000., mpr= 1, volume = 200.,
wsrhtr =.true., wsrhtl= .05, wsrht0 = -42.88, &end

&start t= 614., p = 5.0, mdot= 1500., gend
C6RB6 .058825
02 .441175
N2 .2500
AR .2500
END
SENSVAR
C6H6 C6H50 C685 H20 C6H508 C2B2 CS5H6 CH20
OH [ole] NO TEMP END
INIT
TEMP END
REAC

&senrxn sensaj=.true., order =.true., output =.false., allrxn =.true.,é&end
FINIS
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TABLE 4.19.—COMPARISON OF BRUTE-FORCE AND GLSENS
SENSITIVITY COEFFICIENTS WITH RESPECT TO INITIAL
TEMPERATURE FOR EXAMPLE PROBLEMS 8 AND 9

Variable Example problem 8" Example problem 9b
GLSENS | Brute force | GLSENS | Brute force
Sensitivity coefficients <Si, T0> with respect to initial
temperature
CeHe -0.775 -0.776 -0.876 -0.876
CeHs0 -0.812 -0.812 -1.42 -1.42
CeHs —-0.503 -0.503 -1.08 -1.08
C¢HsOH -1.00 -1.00 -2.84 -2.84
Cco 0.438 0.438 0.297 0.297
Temperature | 5.79x1072 | 5.81x1072| 0.118 0.118

aC()H()—Oz; initial temperature T0 =614 K; mass flow rate
m = 6000 g/s; temperature 7 = 3168.7 K.

bCGHG—OZ—NZ—Ar; initial temperature T0 =614 K; mass flow rate
m = 6000 g/s; temperature 7' = 2586.1 K.



Chapter 5
Concluding Remarks

This reference publication describes a generalized version
of the Lewis chemical kinetics and sensitivity analysis code,
LSENS. The new code, GLSENS, allows the user to put global
reactions into a chemical mechanism along with molecular
steps. The rate expression for a global process does not obey the
law of mass action. It is determined empirically by least-
squares fitting of actual measurements of temperature and
composition over a range of experimental conditions. Any
combination of molecular and global steps can be used for
all the chemical models and in the sensitivity coefficient
computations for a static chemical reaction. The new code also
incorporates the ability to perform sensitivity analysis cal-
culations for a perfectly stirred reactor modeling computation.
The sensitivity calculations are performed rapidly and conve-
niently at the same time that the main kinetics calculations are
being done.

The GLSENS code has been extensively tested and found to
be accurate and efficient. All computed sensitivity coefficients
were compared with values obtained by the direct-variation, or
brute force, technique. Results of the two methods agreed well
in all comparisons.

Nine example problems are described in detail to illustrate
the abilities of the new generalized code. Several of the cases
show computation of PSR sensitivity coefficients and excel-
lent agreement with brute-force-computed coefficients.

This report is to be used in conjunction with the three-
volume documentation of the LSENS code (refs. 1 to 3) as the
complete documentation of the new GLSENS code.

Lewis Research Center
National Aeronautics and Space Administration
April 5, 1995
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Appendix—Multiple-Case File Setup
Showing Changing and Adding of
Global and Molecular Reactions

To illustrate the setup of multiple-case files using molecular
and global reactions, a problem data file of seven cases has been
prepared. It is presented in table A.1 and shows several ex-
amples of setting all the logical variables in namelist RTYPE.
Each case is discussed here, and partial results from the execu-
tion of each case are presented. The computational results give
the user insight into performing PSR problems with GLSENS
and also explain some of the messages printed by the code when
the computations run into certain problem situations.

Case 1

The first case is a perfectly stirred reactor combustion of
hydrogen and oxygen using a partial molecular reaction mecha-
nism that contains no third-body steps; it is being used for
illustrative purposes only. There are no nonreacting (inert)
species in the mixture. There are no global reactions, so no
variables have to be set in namelist RTYPE because the default
values of the variables GLOBAL and GRONLY are FALSE.
Therefore, only a dummy line is needed. Because there is no
integration or assigned variable for a PSR problem, the word
TIME is written on the integration and assigned variable, units,
and fuel name line, just to identify it. In namelist WSPROB
mass flow rateis assigned with adesired final value (DOTMAX)
of 1000 g/s to be reached by increments of 100 g/s (DELMD).

Computed results are shown in table A.2. The initial condi-
tions for a successful first convergence are usually obtained by
varying the initial mass flow rate for an assigned-mass-flow-
rate problem. Typical initial values range from 10 to 200 g/s,
but for this case MDOT had to be lowered to 0.1 g/s in namelist
START because an incomplete mechanism is being used for
demonstration purposes. The first successful convergence was
easily accomplished (in 10 iterations) to a reaction temperature
of 1102 K, which is considerably lower than the equilibrium
temperature of 3104 K. This is not a typical situation and was
caused, in part, by the use of an unrealistic chemical mecha-
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nism. As shown in the other test cases, the first converged
temperature is usually within a few hundred degrees of the
equilibrium value used as the first estimate. The PSR calcula-
tion subroutine is programmed to test for the occurrence of false
solutions to the set of nonlinear algebraic equations. One
common example is convergence to a temperature higher than
the previous converged temperature (or the equilibrium tem-
perature on the first convergence). The calculation will be
aborted or restarted with a higher mass flow rate if the first
convergence and the first two increments of mass flow rate do
not give monotonically decreasing temperatures that are all
lower than the equilibrium temperature. In the present case the
temperature decrements are very small as the mass flow rate is
incremented to its final value of 1000 g/s and a final reactor
temperature of just under 1098 K.

Case 2

Case 2 is a propane-air PSR combustion problem and the
mechanism is constructed by, first, changing the rate coeffi-
cient of the last reaction in case 1 and then adding the molecular
third-body reactions of the hydrogen-oxygen mechanism, in-
cluding many third-body ratios different from 1. A global
propane oxidation mechanism, similar to the one used in the
example problems of chapter 4 is then added. In namelist
RTYPE the variable GLOBAL now is set equal to TRUE; and
GRONLY, to FALSE. In addition the variables MRCHNG,
MRADD, and GLADD are set equal to TRUE to tell GLSENS
that a rate coefficient change is being made and both types of
reaction are being added. Note that this namelist is preceded by
the CHANGE action line and followed by the reaction line with
its changed rate coefficient. The list is ended by a blank line,
which is followed by an ADD action line. The new molecular
reactions (and any third-body efficiencies different from 1) are
then given. This list is ended by the word END written in the
first reactant field after the last reaction. The new global



reactions follow, two lines per reaction, using the formats given
in table 3.3. This list terminates with the word END written in
the first species field after the last global reaction. The next line
of the file contains the name AR in the first two columns and
introduces the inert gas argon as part of the reacting mixture of
this case. Itis followed by the integration and assigned variable,
units, and fuel name line, which contains the program name
C3HB& for the fuel propane starting in column 41. This name is
needed because the simplified equivalence ratio method is used
in namelist START below to specify the initial mixture mole
fractions. As in case 1 the namelist WSPROB sets all the
variables for the assigned-mass-flow-rate PSR problem. Note
that the namelist PROB contains no variables because all
settings from case 1 are saved and no new variables are set. The
same PROB may be used for any case using the CHANGE,
ADD, or REPEAT options when the previous variables do not
have to be changed and no new ones are needed.

Table A.3 shows some of the computed results. The initial
mass flow rate was set at 140 g/s. However, the messages
printed after the initial estimates show that the code had to
increase this value to 560 g/s in order to achieve a converged
temperature lower than the equilibrium temperature. The first
converged temperature was about 28 K lower than the equilib-
rium value and the calculation then proceeded smoothly. How-
ever, the desired final mass flow rate of 4000 g/s was not
reached. The messages printed after the last convergence at a
flow rate of 1610 g/s indicated a blowout condition in the
reactor. First, the iteration procedure had a problem at the next
attempted convergence. The code then restarted the iteration
after doubling the last converged flow rate. Convergence was
easily obtained in 13 iterations, but the temperature was the
same as the inlet temperature, indicating that blowout had
occurred.

Case 3

Case 3 is essentially the same as case 2. The only change,
other than initial conditions, is the addition of two more
molecular reactions to the mechanism of case 2. The action
variable ADD, therefore, follows the title line. In namelist
RTYPE all seven variables are set for illustrative purposes,
even though some have their default values. GLOBAL and
GRONLY are set to the same values they had in case 2. The
variables GLADD, GLCHNG, and MRCHNG must now have
the (default) value FALSE, and MRPREV must also be set to
FALSE because the previous case used both molecular and
global reactions. Finally, MRADD must be set to TRUE again
becauseitisinitialized to FALSE. Note that, after the list of two
addedreactions, there is a blank line ending the list and a second
one which indicates that no new inert species are being added
to the mixture.

As shown in table A.4, the initial mass flow rate was set at
450 g/s but the converged temperature was about 2 K higher
than the equilibrium temperature. The code then doubled the

initial mass flow rate, and convergence was obtained at a
temperature about 130 K below the equilibrium temperature.
Computed results were very close to those for case 2, including
the reaching of a blowout condition at a mass flow rate greater
than 1600 g/s.

Case 4

Case 4 is a propane-air, constant-volume combustion reac-
tion with the same mechanism used in case 3. The ACTION
line, therefore, contains the word REPEAT. The following
namelist RTYPE has only to reset the variables GLOBAL and
MRPREYV to their nondefault values of TRUE and FALSE,
respectively. The next line is the integration and assigned
variable, units, and fuel name line, which contains the word
TIME starting in column 1 (indicating time integration) and the
fuel name C3H8 starting in column 41. Namelist PROB, which
follows, sets the logical variable RHOCON equal to TRUE and
lists the reaction times at which output is to be printed in the
array PRINT. Itis important to notice that PROB must also reset
the variable WELSTR to the value FALSE because an integra-
tion problem is being solved. The remainder of the data for this
case consists of namelist START followed by the initial mole
fractions and namelist SOLVER, which is now added to set the
integration accuracy-control parameters.

The computed results for this problem are shown in
table A.5. The rapid reaction consumed the hydrogen much
faster than the propane, and the results show a negative concen-
tration at the final print station time of 5 us. Carbon monoxide
(CO) was formed at first but then was rapidly destroyed, so that
its concentration also went negative. These negative concentra-
tions indicate an incomplete mechanism. Note that GLSENS
prints any negative concentrations in an integration problem
and prints a message indicating which species concentrations
have become negative.

Case 5

Case 5 is a propane-air PSR combustion reaction, but a new
all-global reaction mechanism is used so that this problem has
the action option NEW and all variables are reset to their default
values. In namelist RTYPE both the variables GLOBAL and
GRONLY are setequal to TRUE. No other variables have to be
set. The remaining data for this assigned-mass-flow-rate prob-
lem are given as in the previous cases, except the initial-mixture
composition, which is listed as individual species mole frac-
tions after namelist START.

Table A.6 shows that the iteration procedure converged
smoothly for the initial mass flow rate of 100 g/s to a tempera-
ture about 140 K below the equilibrium temperature. The
calculation did not reach the desired final flow rate of
1600 g/s. Convergence problems were experienced at a flow
rate above 140 g/s, and restarting at higher flow rates did not
help the situation. The reactor was probably approaching
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blowout condition, even though the calculation did not show a
convergence temperature the same as the initial-mixture tem-
perature, as happened in cases 2 and 3.

Case 6

Case 6 is similar to case 5 but changes one reaction rate
coefficient and adds one new global reaction. The CHANGE
option is written on the action line, and namelist RTYPE sets
the variables GLCHNG and GLADD as well as GLOBAL and
GRONLY equal to TRUE. The variable MRPREV must be set
to FALSE as in the previous case. The changed and added
global reactions follow namelist RTYPE as in the previous
cases.

Computed results for this case are shown in table A.7. This
PSR case is similar to case 5 and uses an all-global mechanism
modified from that case. The initial flow rate of 100 g/s had to
be increased by GLSENS to 800 g/s in order to get proper
convergence to a temperature about 100 K less than the equilib-
rium temperature. The calculation then proceeded smoothly to
the required final mass flow rate of 1500 g/s.
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Case 7

The last case is a different propane-air PSR problem using
a mechanism that adds several molecular reactions to the all-
global mechanism of the previous case. Namelist RTYPE sets
the variables GLOBAL and MRADD equal to TRUE and the
variables GRONLY and MRPREV equal to FALSE. The other
three variables are reset by the code to their default values of
FALSE. The list of added molecular reactions follows this
namelist and is in turn followed by a blank line (indicating
the absence of any new inert species) and the remainder of
the case data.

The results shown in table A.8 indicate that the initial mass
flow rate of 140 g/s had to be increased to 560 g/s to get a
successful convergence to a temperature only 7 K less than the
equilibrium temperature. The calculation ended normally at
the required final flow rate of 1160 g/s.

This set of cases illustrates many of the typical situations
that would be encountered in the task of developing a com-
bined molecular and global reaction mechanism. See table 3.2
for a summary of the required values of the variables in
namelist RTYPE for these problems and several other possible
mechanism change situations.



TABLE A.1.—DATA FILE FOR MULTIPLE CASES WITH GLOBAL CODE

TAPE
GLOBAL CODE TEST CASE: MOLECULAR REACTIONS ONLY AND NO INERTS CASE 1
&rtype &end
[o] + H20 = OH + OB 6.8E+13 0. 18365.
B + 02 = o}:1 + 0 1.89E+14 0. 16400.
o] + H2 = QH + B 4.20E+14 0. 13750.
B + HO2 = H2 + 02 7.28E+13 0. 2126.
o] + HO2 = OH + 02 5.0E+13 0. 1000.
HOZ + OH = H20 + 02 8.0E+12 0. 0.
B + HO2 =2.0CH 1.34E+14 0. 1070.
H2 + HO2 = H202 + 41 7.91E+13 0. 25000.
[0): + H202 = H20 + HO2 6.1E+12 0. 1430.
HO2 + HO2 = H202 + 02 1.8E+412 0. 0.
B + B202 = OH + H20 5.0E+11 0. 0.
TIME
&prob welstr=.true., &end
awsprob delmd= 100., dotmax= 1000., mpr=2, volume= 2000., send
&start t= 800.,p=5.5,mdot= 0.1, &end
02 .193301
H2 .806699
END
FINIS
GLOBAL TEST CASE: CHANGE AND ADD GLOBAL AND MOLECULAR REACTIONS CASE 2
CHANGE
&rtype global=.true.,gronly=.false.,
mrchng=.true., mradd = .true., gladd = .true., &end
H + H202 = OH + H20 7.8E+11 0. 0.
ADD
M + B202 =2.008 1.44E+17 0. 45510.
THIRDBODY
B2 2.30 02 .78 H20 6.0 H202 6.6
END
H2 + OH = H20 + H 4.74E+13 0. 6098.
B + 02 = HO2 + M 1.46E+15 0. -1000.
THIRDBODY
o2 1.30 N2 1.3 H20 21.3 =H2 3.0
END
M o+ R20 = B + OH 1.30E+15 0. 105140.
THIRDBODY
B2 4.00 02 1.5 H20 20.0 N2 1.5
END
E + O = OH + M 7.1E+18 -~1. 0.
M + 82 = H + B 2.2B+14 0. 96000.
TBIRDBODY
H2 4.10 02 2.0 B20 15.0 N2 2.0
END
M + 02 = 0 + 0 1.80E+18 -1. 118020.
co + o] > co2 8.43E+09 -.001 1000.
coz > co + 0 9.08E+18 -1.84 130754.
END
B20 + o > B2 + 02
1. 1. 4.90E+10 .18 -510.
co + H20 > co2 + B2
1. 1. 1.30E+05 1.31 ~7000.
co2 + H2 > Cco + B20
1. 1. 4.41E+10 .19 3527.
N2 + 02 >2.0 NO
1. 1. 4.00E+14 .03 100060.
2.0 NO > N2 + 02
2. 2.00E+11 0. 38000.
CN +2.0 0 > NO + co
1. 1. 8.30E+11 0. 0.
CN + NO > co + N2
1. 1. 1.25E+12 0. 0.
2.0 CHZ + N2 >2.0 CN +2.0 H2
1. 1. 5.00E+13 0. 54000
CH2 + 02 > co + H20
1 .5 3.50E+07 0. 5000.
02 + C3H8 >3.0 CH2 +2.0 OH
1.6 .1 1.10E+12 0. 41000
B2 + 02 >2.0 CH
1 1. 1.00E+00 0. 43080
C388 +2.0 OH > H20 + c3H8 + o
15 1. 1.98E+06 0. 4000
OH + B2 + 02 > R20 + o] + OH
1. 0. 1. 0.96E+12 ~.1 1013.
B20 + [e] > B2 + o2
1. 1 4.90E+10 .18 -510
END
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50

AR
TIME

TABLE A.1.—Continued.

C3H8

&prob &end

&wsprob

delmd= 50., dotmax= 4000.,mpr=2,
volume= 500., send
&START T= 800.,P=5.5,MDOT= 140.0, eratio =1.5, scc = 3.0, sch = 8.0, &END

END
FINIS

GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE CASE 3

ADD

srtype global=.true.,gronly=.false., gladd = .false., glchng = .false.,
mrprev = .false., mrchng = ,false., mradd=.truve., &end

B2 + 02 -
o} + H202 =
END

TIME

SPROB WELSTR=.TRUE.,
&WSPROB

OH + [0}:1
OB + BO2
c3gs8
SEND

DELMD= 50., DOTMAX= 1800.,MPR=2,
VOLUME= 500., &END
sstart t= 800.,p=5.5, mdot= 450., eratio = 1.5,

END
FINIS

1.7E+13 Q. 47780.
8.0E+13 0. 1000.

scc =3.0, sch =8.0, &end

GLOBAL TEST CASE; INTEGRATION CASE WITH PREVIOUS MECHANISM; CASE 4

REPEAT
&értype global= true.,
TIME

mrprev = .false.,

C3H8

&end

éprob rhocon = .true., print = 1.,e-6, 2.0e-6, 3.0e-6, 3.5e~6, 4.0e-6,

5.e-6, welstr = _false., &end
éstart t= 1600., p=5.5, &end
H2 .0573205
N2 .720502
co2 .0002768
02 .193301
C3H8 .02
AR .0085997
END
&solver emax = l1.e-6, atolsp = l.e-15, &end
FINIS
GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
NEW
&rtype global=.true.,gronly=.true., &end
H20 + 0 > H2 + 02
1. 1. 4.90E+10 .18 -510.
co + 820 > co2 + j: ¥4
1. 1. 1.30E+05 1.31 -7000.
coz + H2 > co + H20
1 1. 4.41E+10 .19 3527.
N2 + 02 >2.0 NO
1. 1 3.00E+14 .03 100000.
2.0 NO > N2 + 02
2. 2.00E+11 0. 38000.
CN +2.0 0 > NO + co
1. 1. 8.30E+11 0. C.
CN + NO > co + N2
1. 1 1.25E+12 G. G.
2.0 CR2 + N2 >2.0 CN +2.0 B2
1 1 5.00E+13 0. 54000.
CE2 + 02 > Cco + H20
1. .5 3.50E+07 0. 5000.
02 + C3H8 >3.0 CH2 +2.0 OB
1.6 1 1.10E+12 0. 41000.
H2 + 02 >2.0 OB
1. 1. 1.00E+00 0. 49080.
C3H8 +2.0 OH > H20 + C3HS8 + [¢)
.15 1 1.98E+06 0. 4000.
OH + B2 + 02 > H20 + [¢] + 821
1. C. 1. 0.96E+12 -.1 1013.
AR
TIME c3B8
&prob welstr=.true., &end
&wsprob delmd= :iC., dotmax= 1600., mpr=1, volume= 200., &end
&start t= 800.,p=5.5,mdot= 100., s&end
02 .193301
N2 .720502
€388 .0773205
AR .0088765
END
FINIS



TABLE A.1.—Concluded.

ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION CASE 6
CHANGE
srtype global=.true.,gronly=.true., glchng=.true.,
gladd = .true., mrprev = .false., send
N2 + 02 >2.0 NO
1. 1. 4.00E+14 .03 100000.
ADD
H20 + o] > H2 + 0z
1. 1 4_90E+10 .18 -510.
END
AR
TIME C3H8
sprob send
swsprob
delmd= 200., dotmax= 1500.,mpr=2,
volume=2500., send
§start t= 800.,p=5.5,mdot= 100., send
0z .193301
N2 .720502
C3E8 .077320%
AR .0088765
END
FINIS
GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7
ADD
&rtype global=.true.,gronly=.false., mrprev = .false.,
mradd=.true., &end
] + H20 = 08 + O 6.8E+13 0.
;1 + 02 = CH + O 1.89E+14 0.
[o] + H2 = OB + B 4.20E+14 0.
24 + HO2 = H2 + 02 7.2BE+13 o.
el + HOZ2 = OH + 02 5.0E+13 0.
HO2 + OH = H20 + o2 8.0E+12 0.
H + HOZ =2.00H 1.34E+14 0.
H2 + HO2 =  H202 + 33 7.91E+13 0.
CH + K202 - H20 + BO2 6.1E+12 0.
HO2 + HO2 = H202 + 02 1.8E+12 0.
B +  HB202 = OH + B20 7.8E+11 0.
M + H202 =2.00H 1.44E+17 0.
TRIRDBODY
H2 2.30 02 .78 H20 6.0 H202
END
B2 + ©OH = H20 + B 4.74E+13 9.
B + 02 = HO2 + M 1.46E+15 0.
TEIRDBODY
73 1.30 N2 1.3 H20 21.3 H2
END
M + H20 = g + O©R 1.30E+15 0.
TBIRDBODY
B2 4.00 02 1.5 H20 20.0 N2
END
B + 0O = OH + M 7.1E+18 -1.
M + H2 = B + H 2.2E+14 0.
THIRDBODY
B2 4.10 02 2.0 H20 15.0 N2
END
M + 02 = 0 + 0 1.80E+18 -1.
co + 0 >  Coz 8.43E+09 -.001
coz2 > €O + 0 9.08E+18 -1.84
END
TIME C3H8
&PROB WELSTR=.TRUE., SEND
§WSPROB
DELMD= 100., DOTMAX=~ 1160.,MPR-1,
VOLUME= 500., SEND
§START T= 900.,P=5.5,MDOT= 140.0, eratio =1.5, scc = 3.0, sch = 8.0,
END
FINIS

18365.
16400,
13750.
2126.
1000Q.

1070.

25000.

1430.
0.

45510.

6098.
~1000.

3.0

105140.

118020.

1000.

130754.

&END
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TABLE A.2.—COMPUTED RESULTS FOR TEST CASE 1 (HYDROGEN-OXYGEN PSR PROBLEM USING ALL MOLECULAR REACTIONS)

%% DATA LINES xx

1 2 3 4 5 € 7 3
CC 12345678901234567890123456789012345678901234567890123456789012345678901236567890

GLOBAL CODE TEST CASE: MOLECULAR REACTIONS ONLY AND NO INERTS CASE 1
&rtype &end
0 + H20 =  DH + OH 6.8E+13 0. 18365.
H + 02 = DH + 0 1.89E+16 O, 164990,
0 + H2 = OH + H 4.20E+14 0. 137590.
H +  HO2 = H2 + 02 7.28E+13 0. 2126.
] + HO2 = OH + 02 5.BE+13 ©. 1000.
HO2 + OH = H20 + 02 3.0E+12 0. .
H +  HO2 =2.00H 1.36E+14¢ 0. 1070,
H2 +  HO2 = Hz202 + H 7.91E+13 0. 25000.
OH + H202 = W20 +  HO2 6.1E¥12 0. 1439.
HO2 + HO2 = H202 + 02 1.8E+12 0. 9.
H +  H202 = H + H20 5.0E+11 0. .
= BLANK LINE -
= BLANK LINE -

TIME

&prob welstr=.true.,
&wsprob
&start t= 800.,p=5.5,mdot=
02 3301

HZ

END
FINIS

REACTI
NUMBEI

OB NAULWN -

4 bt

ON
R

delmd=

.19
-806699

1%y

GLOBAL CODE TEST CASE: MOLECULAR REACTIONS DNLY AND NO INERTS

R
—
X
I
a
0

+  1%H202

&end
100., dotmax= 1000.,
0.1, &end

LENIS SENSITIVITY AND GENERAL KINETICS PROGRAM

REACTION

WHHHGENN NN
et
»
3
N
Q

XX NEW INPUT DATA GIVEN IN COS UNITS ¥x

52

ASSIGNED MASS FLOW RATE PROBLEM: MASS FLOW RATE INCREMENT =
MAXIMUM MASS FLOW RATE =

TIME

mpr=2, volume= 2000., &end

NASA

CASE 1

REACTION RATE VARaABLES

LEWIS RESEARCH CENTER

A ACTIVATION

ENERGY

6.80000E+13 0.0000 18365.90

+ 1x0 1.89000E+14 0.0000 16400.00
+ 1xH §,20000E+14 0.0000 13750.00
+ 1%02 7.28000E+13 0.0000 2126.00
+ 1%02 5.00000E+13 0.0000 1000.00
+ 1x02 3.00000E+12 0.00090 0.00
1.346000E+14 0.50090 1070.08

+ 1%H 7.91000E+13 0.0000 25000.00
+ 1%HO02 6.10000E+12 0.0000 1430.00
+ 1x02 1.80000E+12 0.0000 0.00
+ 1%H20 5.00000E+11 g.0000 .00

X% DUTPUT REQUIRED IN CG5 UNITS xx

%% ASSIGNED VARIABLE PROFILE ¥x

WELL - STIRRED REACTOR CASE

VOLUME OF REACTOR =
MASS FLOW RATE TO START ITERATION =

2.00000E+03 CMxXx

3
1.00000E-01 G/S

1.00000E+02 G/S

1.00000E+03 G6/5

NUMBER OF REACTING SPECIES: 8
NUMBER OF INERT SPECIES: 0

0.00000E+00 SEC

FLOW PROPERTIES

PRESSURE
(ATM)

TEMPERATURE
(DEG K)

MASS FLOMW RATE
{G/SEC)

ENTROPY
{CAL/G/DEG K)

MACH NUMBER

GAMMA
ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/6/DEG K)

%X INITIAL CONDITIONS ex
AREA  0.00000E+00 SQ CM AXIAL POSITION
INTEGRATION INDICATORS
5.50000 STEPS FROM LAST PRINT
0.00 AVERAGE STEP SIZE
6.54686E-04 METHOD ORDER
800.00
1.00000E-01 TOTAL NUMBER OF STEPS
5.0211 FUNCT EVALUATIONS
G.0000 JACOBIAN EVALUATIONS
1.3762
4.56525E+02
9.30602E-01

0.00000E+00 CM

0
0.00000E+00D
0



COMPUTATIONAL KORX REQUIRED FORPsQUIL!BRIUM CALCULATION:

TABLE A.2.—Continued.

CHEMICAL PROPERTIES

NET SPECIES PRODUCTION REACTION  RATE CONST

(gOLE/CHKISISEC) NUMBER

bt
O 0N U DR

[

CGS _UNITS
.S5377E+08
.2545E+09
.3608E+10
.9113E+13
.6655E+13
.Q000E+]12
.8359E+13
.1708E+07
.G813E+12
.8B00E+12
5.0000E+11

2.76731E+01

NN NN

0.433333 5

¥XEQUILIBRIUM CONDITIONS Xx

CHEMICAL PROPERTIES

0.00000E+00 SQ CM

NET REACTION CONV RATE
(MOLE-CMXX3/GXx%2/SEC)

~5.26082E-04

MASS FRACTION SUM

AXIAL

0.00000E+0D
0.00000E+00D
0.00000E+00

0.00000E+00

NET RATE/POSI-
TIVE DIR RATE

1.00008000

POSITION 0.00000E+G0 CM

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

NET SPECIES PRODUCTION REACTION  RATE CONST

CLE/CMXx3/SEC) NUMBER

HOWRNARLDWN-

ot

TIME

CGS UNITS
3.4628E+12
1.3235E+13

.5197E+13

.1575E+13

.2517E+13

.0000E+12

.1266E414

.3738E+12

.8377E+12

.8000E+12

5.0000E+31

-2.58138E+05

BN b e O3 DNAR BN

1.666665E-0

NET REACTION CONV RATE
(MULE-CM&!S/G*!Z{SEC)

MASS FRACTION SUM

2SS

-1.03879E+D

~1.93939E+00

~1.85043E+401
1.41732E-01

2.88632E-04

WELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: MOLECULAR REACTIONS ONLY AND NO INERTS CASE 1
FINAL/INITIAL RATIO

FINAL STATE

5.50080
1102.07

5.50757
§.75096E-06
456 .525
9.626436E-01

.8115

1.3593

SPECIES CONCENTRATION MOLE FRACTION
MOLES/CMXX3)
0 B %5300200 .00000E+00 . 60000E+00
H20 0. 00090E+00 ©.00000E+00 0.00000E+00
OH 0.00060E+0D 0.0000DE+00 0.00000E+00
B 0.00000E+0D B.00QCOE+00 2.25347E-10
0z 1.61956E-05 1.93301E-01 ~2.25347E-10
Mz 6.75887E-05 8.06699E-01 -2.25347E-10
HOZ . 0.00000E+00 0.00000E+00 2.25347E-10
H202 0.00000E+G0 0.00000E+00 9.00000E+00
MIXTURE MOLECULAR WEIGHT 7.81156 TOTAL ENERGY EXCHANGE RATE
- (CAL-CM¥%%3/6X%2/SEC)
CPU TIME FOR INITIALIZATION OF LSENS =
TIME  ©.00800E+00 SEC AREA
FLOW PROPERTIES
' PRESSURE 5.50000
CATM)
VELOCITY 0.00
(CM/SEC)
NSITY 1.99835E-04
TEMPSRQ;URE 3103.95
MASS FLOW RATE 1.00000E-01
(G7SEC)
ENTROPY 6.0245
(CAL/G/DEG K}
MACH NUMBER 0.0000
GAMMA 1.2304
ENTHALPY 4.56525E402
(CAL/G
SECHEAT (CP) 1.14667E+00
(CAL/G/DEG K)
SPECIES  CONCENTRATION MOLE FRACTION
(MOLES/CM®X3) E (W
0 3.57432E-08 1.65522E-03 1. Oy es2e-06
H20 9.37412E-06 4.364104E-01 4.15227€-07
oH 4.54298E-07 2.10379E-02 -1.62916E-06
H 1.36271E-06 31051E-02 -6.76136E-07
02 1.28850E-08 5.96636E-04 8.35931E-08
HZ 1.03564E-05 4.79498E-01 7.45053E-07
HO2 . 6.53034E-11 3.02412E-06 -1.42663E-03
H202 © 1.02949€-11 4.76743E-07 ~6.69738E-10
MIXTURE MOLECULAR WEIGHT 9.256413 TOTAL ENERGY EXCHANGE RATE
- : (CAL-CMx%3/6%x2/SEC)
NO. OF ITERATIONS =
INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE =  3103.95 K:
0 1.78863E~06
H20 4.69092E-02
OH .27336E-03
H .81913E-03
82 6.44778E-05
H2 5.18145E-02
HO2 3.26786E-07
H202 5.15163E-08
INITIAL STATE
PRESSURE ATHM 5.50000
DEG K 800.000
ENTROPY CAL/GM/K 5.02109
DENSITY GM/CMxx3 €.56436E~0%
ENTHALPY CAL/GM 456.525
SP. HEAT (CP) CAL/GMW/K 9.30602E~01
MOL. WT. OF MIXT 7.8115
GAMMA 1.3762

1.00000

[4
0.00000E+00
0

NET RATE/POSI-
TIVE DI% §ATE

0000
¢.00000
00000
ooo00

0.00000

1.00008071

53
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TABLE A.2.—Concluded.

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
4] 0.00000E+00D 0.000DCE+DO 4.12446E-03 8.44761E-03
H20 0.00000E+0C 0.00000E+00 3.73312E-01 8.60942E~01
o4 0.00000E+00 0.00000E+DD 2.61343E-03 5.69007E-03
H 0. ODDGOEGOO 0.00000E+00 3.69187E-01 4.76385E-02
02 1.93301E-01 7.91323E-01 3.27611E-03 1.34201E-02
H2 8. 066995-0! 2.08172€E-01 2.47487E-01 6.386G9E-02
HO2 0.080000E+00 0.00000E+D0 7.31154E-10 3.30067E-09
H202 0.00000E+00 0.00000E+00 7.81154E-10 3.40146E~09

VOLUME 2000.00 CMxx3 MASS FLO 0.100000 GM/SEC

MDOT/VOLUME = 8.00005 RESIDENCE TIME = 9501.925 MSEC  ITERATIONS = 10

WELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: MOLECULAR REACTIONS ONLY AND KO INERTS
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.5000¢0 1.00000
TEMP. DEG K 300.000 1098.26 1.37282
ENTROPY CAL/GM/K 5.02109 5,50748 1.09687
DENSITY GM/CMxx3 6.56434E-04 6.76743E~04 0.72843
ENTHALPY CAL/GM 456 .525 . 1.00000
SP. HEAT (CP) CAL/GWK 9.30602E-01 9.61760E-01L 1.03348
MOL. NT. O 7.8115 .8115

GAMMA 1.3762 1.3596

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
1] 0.00000E+00 0.00000E+00 6.66892E-03 9.56277E-03
H20 0.00000E+00 0.00000E+0D 3.69883E-D1 8.53035E-01
OH 0.00000E+00 0.08000E+00 3.01596E-03 6 56636E-03
H 0.00000E+00 0.00000E+D0 3.65214E-01 §.71258E-02
02 1.93301E-01 7.91823E-01 4.51704E-03 1.85034E-02
H2 8.06693E-01 2.03172E-01 2.52701E-01 6.52105E-02
HO2 0.00000E+00 0.00000E+09 7.81154E-10 3.30067E-09
H202 0.00000E+00 0.00000E+0DD 7.811564E-18 3.401646E-09

VOLUME 2000.00 CMex3 . MASS FLG  900.100 GM/SEC
MDOT/VOLUME = 0.65005 RESIDENCE TIME = 1.059 MSEC  ITERATIONS = 2
WELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: MOLECULAR REACTIONS ONLY AND NG INERTS
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATH 5.50000 5.50000 1.00008

TEMP DEG K £00.000 1097.28 1.37235

ENTRDPY CAL/GM/K 5.02109 5.50746 1.09687
GM/ CMxx3 6.5643G6E~06 4.76907E-04 0.72868

EN Y CAL/GM 456 .525 456 .525 1.00000

SP. HEAT (CP) CAL/GM/K 9.30602E-01 9.61689E-01 1.83341

MOL. WT. OF MIXT 7.8115 7.8115

GAMMA 1.3762 1.3597

SPECIES MOLE FRACY MASS FRACT MOLE FRACT MASS FRACT
[ 0.000080E+00 0.00000E+00 4.71882E-03 9.66496E-03
H20 0.80000E+00 0.00000E+00 3.69536E-01 8.52233E-01
OH 0.00000E+00 0.00000E+00 3.05614E~03 6.64948E-03
H 0.009D0E+D0 0.00000E+00 3.64817E-01 4%.78765E-02
02 1.93301E-01 7.91828E-01 4.64676E-D3 1.90347E-02
H2 8.06699E-01 2.08172E-01 2.53228E-01 6.53665E-02
HO2 0.00000E+00 0.00000E+00 7.81154E-10 3.30067E-09
H202 0.00000E+DD 0.00000E+00 7.81156E~10 3.401646E-09

VOLUME 2000.00 CMx%x3 MASS FLO  1000.80 GM/SEC
MDOT/VOLUME = 0.50000 RESIDENCE TIME = 0.954 MSEC  ITERATIONS = 2
COMPUTATIONAL WORK REQUIRED FOR PSR CALCULATION:
NO. OF ITERATIONS = TIME = 3.666667E-01 S
(LSENS) END OF THIS CASE

=t LSENS)

TOTAL CPU TIME CINCLUDING I-/0) REQUIRED =

READ DATA FOR NEXT CASE

0.833333 S

CASE 1

CASE 1



TABLE A.3.—COMPUTED RESULTS FOR TEST CASE 2 (PROPANE-AIR PSR PROBLEM USING GLOBAL AND MOLECULAR REACTIONS)
%% DATA LINES xx
1 2 3 4 5 6 7 8
CC 12345678901236567390123456789012345678901234567890123456789012345678301234567890
cgkggél TEST CASE: CHANGE AND ADD GLOBAL AND MOLECULAR REACTIONS CASE 2

&rtyps global=.true.,gronly=.falsa.,
nrchng=.tru;262 mradd = .true., gladd = .true., &end
+ .

= + H 7.8E+11 0. 0.
- BLANK LINE -
ADD
M + H202 =2.00H 1.6GE+17 0. 45510.
THIRDBODY
L 2.30 B2 .78 H20 6.0 Hao2 6.6
H2 + OH = H20 + H 4.74E+13 g. 6098.
H + = HO2 + M 1.46E+15 O. -1000.
THIRDBODY
EzD 1.30 N2 1.3 H20 21.3 H2 3.0
N
M + H20 = H + OH 1.30E+15 0. 1051460.
THIRDBODY
EZD 4.00 02 1.5 H20 20.80 N2 1.5
N
H + 0 = OH + M 7.1E+18 -1, 0.
M + H2 = H + H 2.2E+14 O, 96000.
THIRDBODY
L 4.10 g2 2.0 H20 15.6 N2 2.0
N
+ 02 = 0 + 0 1.80E+18 ~1. 118020,
co + 0 > €02 8.43E+09 -.601 1000.
END €02 > Co + 0 9.08E+18 -1.84 130754.
H20 + [ > H2 + 02
1. 1. 4.90E+10 .18 -510.
co + > co2 + H2
1. 1. 1.30E+05 1.31 -7000.
co2 + > [ + H20
1 1. G.G1E+10 .19 3527,
N2 + >2.0 NO
1. 1. 4.00E+14 .03 100000,
2.0 N > N2 + 02
2. 2.00E+11 [N 33000.
CN +2.0 > NO + co
1. 1. 8.30E+11 0. e.
CN + 0 > co + N2
1. 1. 1.25E+12 0. 0.
2.0 CH2 + >2.8 CN +2.0 H2
1. 1. 5.00E+13 ©. 54000.
CH2 + > + H20
1. .5 3.50E+07 0. 5800.
a2 + 3HS >3.0 CH2 +2.0 OH
1.6 .1 1.10E 0. 41000.
H2 + »>2.0 0O
1. 1. 1.00E+00 0. 49030.
C3H8 +2.0 > H20 + 3HE + 0
.15 1. 1.98E+06 . 00.
OH + H2 + 02 > H20 + OH
1. a. 1. 0.96E+12 ~.1 1013.
H20 + o > H2 +
1. 1. 4.90E+10 .18 ~510.
END
AR
TIME C3H38
&prob &end
dwsprob

delmd= 50., dotmax= 4000.,mpr=2,
volume= 5080., dend
&gTART T= 800.,P=5.5,MD0T= 140.0, eratio =1.5, scc = 3.0, sch = 8.0, &END

EN
FINIS
LEWIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEWIS RESEARCH CENTER

GLOBAL TEST CASE: CHANGE AND ADD GLDBAL AND MOLECULAR REACTIONS CASE 2

REACTION REACTION REACTION RATE VARIABLES

NUMBER A N ACTIVATION
ENERGY
1 1x0 + 1xH20 = 2%0H 6 .80000E+13 0.0000 18365.00
2 1xH + 1%02 = 1%0H + 1%0 1.89000E+14% 0.0000 16400.00
3 1x%0 + 1%H2 = 1%DH + 1xH 6.20000E+14 0.0000 13750.00
4 1xH + 1xHO2 = 1%H2 + 1xg02 7.28000E+13 0.0000 2126 .00
5 1x0 + 1xH02 = 1%0H + 1x%02 5.00000E+13 0.0000 1800.00
[3 1xHO2 + 1%0H = 1xH20 + 1x02 3.00000E+12 0.0000 0.00
7 1xH + 1%H02 = 2%0R 1.34000E+14 0.0000 1070.00
8 1xH2 + 1xHO2 = 1xH202 + *H 7.91000E+13 §.0000 25000.00
9 1%0R + 1%H202 = 1xH20 + 1x%H02 6 .10000E+12 0.0000 1430.00
19 2%H02 = 1xH202 + 1%02 1.80000E+12 0.0000 ¢.00
11 IxH + 1xH202 = X0H + 1xH20 7.80000E+11 0.0000 0.60
12 M + 1xH202 = 2%0H 1.44000E+17 0.0000 45510.00

13 1%H2 + 1%0H = 1%H20 + 1xH 4.76000E+13 0.0000 6098,
14 1%H + 1x02 = 1xXK02 + M 1.46000E+15 0.0000 =1000.00
15 + 1xH20 = 1xH + 1%0H 1.30000E+15 0.0000 105140.080
is 1xH + 1x0 = 1X0H + M 7.10000E+18 ~1.0000 0.00
17 + 1xH2 = 2%H 2.20000E+14 0.0000 $6000.00
18 M + 1x%02 = 2%0 1.830000E+18 ~1.0000 118020.00
19 1%C0 + 1%0 > 1xc02 8.43000E+09 -0.0810 1800.00
20 1%C02 > 1%C0 + 1%0 9.08000E+18 -1.8400 130754.00
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REACTION
NUMBER

TABLE A.3.—Continued.

ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLOWING

78000 M(H20 6.00000

M(H202

» = 2 » = 0. » 12) = s 12) = 6
,» 14) = 1.30000 MIN2 » 16) = 1.30000 M(H20 ,» 143 = 21.30000 MC(H2 , 16) = 3,00000
» 15) = 4.00000 Mco2 » 15) = 1.50000 M(H20 , 15) = 20.00000 M(N2Z2 » 15) = 1.50000
» 17) = 4.10000 M(o2 » 17> = 2.0000¢ M(H20 » 17) = 15.00000 M(N2 » 17) = 2.00000
%% GLOBAL REACTIONS ¥
REACTION
1.0xH20 + 1.0%0 > 1.0%H2 + 1.0%02
1.0%C0 + 1.0%H20 > 1.0%C02 + 1.0%H2
1.0%C02 + 1.0%H2 > 1.0%CO + 1.0%H20
1.0xN2 + 1.0%02 > 2.0%NO
2.0%ND > 1.0%N2 + 1.0%02
1.0%CN + 2.0%0 > 1.0%NO + 1.0%CO
1.0%CN + 1.0%80 > 1.0%C0O +  1.0%N2
2.0%CH2 +  1.0%N2 > 2.0%CN +  2.0%H2
1.0%CH2 + 1.0%02 > 1.0x%CO + 1.0xH20
%02 + 1.0%C3H38 >  3.0%CH2 + 2.0%0H
. B%H2 + 1.0x02 > 2.0%0H
1. oxcsua +  2.0%0H > 1.0%H20 + 1.0%C3HS +  1.0%0
1.0%0H + 1. + 1.0x02 > 1.0xH20 + 1.0x0 + 1.0%0H
1. D!HZD + 1.0x0 > 1.0x%H2 + 1.0%02
REACTANT EXPONENTS REACTION RATE VARIABLES
REXP 1 REXP 2 REXP 3 ACTIVATION
ENERGY
0.000 1.000 1.000 4.90000E+10 0.1800 -510.00
.00 1.0090 1.000 1.30000E+05 1.3100 -7000.00
0.000 1.000 1.000 4.61000E+10 0.1%00 3527.00
0.000 1.000 1.000 4.00800E+19 0.0300 100000.00
0.000 0.000 2.000 2.00000E+11 0.0000 33000.00
0.000 1.00 1.000 8.30000E+11 0.0000 .
0.008 1.000 1.000 1.25000E+12 0.0000 0.00
0.000 1.000 1.000 5.00600E+13 0.0000 54000.00
0.000 1.000 0.500 3.50000E+07 0.0000 5000.00
0.000 1.600 0.100 1.10000E+12 0.0000 41000.00
0.000 1.000 1.000 1.00000E+00 0.0000 4908000
0.000 0.150 1.000 1.98060E+06 0.0000 4000.00
1.000 0.000 .00 9.60000E+11 -0.1000 1013.00
0.000 1.000 1.000 6.90000E+10 0.1300 -510.00
xx NEW INPUT DATA GIVEN IN C6S UNITS ¥x %% OUTPUT REQUIRED IN CGS UNITS %%
%% ASSIGNED VARIABLE PROFILE »x
WELL ~ STIRRED REACTOR CASE
VOLUME OF REACTOR = 5.00000E+02 CMex3
MASS FLDW RATE TO START ITERATION = 1.40000E+02 G/S
ASSIGNED MASS FLOW RATE PROBLEM: MASS FLOW RATE INCREMENT = 5.00000E+01 G/5
MAXIMUM MASS FLOW RATE = 6.00000E+03 G/S
FUEL-AIR REACTION, FUEL-AIR EQUIVALENCE RATIO = 1.5000 OXYGEN FRACTIGON IN AIR = 0.2095
NUMBER OF REACTING SPECIES: 15
NUMBER OF INERT SPECIES: 1
¥% INITIAL CONDITIONS dx
TIME 0.00000E+00 SEC AREA 0.00000E+00 SQ CM AXIAL POSITION 0.00000E+00 CHM
FLOW PROPERTIES INTEGRATION INDICATORS
Pfi?ing 5.50000 STEPS FROM LAST PRINT 0
VELOCITY 9.00 AVERAGE STEP SIZ . +
.50173E-0 METHOD
(G/CMXX3) H ORDER 0
TEMPERATURE 300.00
(DEG K)
M%g;sgtgu RATE 1.40000E+02 TOTAL NUMBER OF STEPS 0
ENTROPY 1.8011 FUNCY EVALUATIONS 0
(CAL/G/DEG K)
MACH NUMBER 0.0000 JACOBIAN EVALUATIONS ]
GAMMA 1.2701
ENTHALPY 9.23668E+01

(CAL/G)
SP. HEAT (CP
(CAL/G/DEG K)

3.129643E-01



SPECIES

o
H20

MIXTURE MOLECULAR WEIGHT

SPECIES

CONCENTRATION MOLE FRACTION
(MOLES/CMXx3)
0.00000E+00 0.00000E+0D
.DO0C0E+0Q 0.00000E+0D
0.0000BE+00 0.00000E+00
0.00000E+00 0.00000E+0D
1.65148E~05 1.97112E-~01
0.00000E+00 0.00000E+0D
0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+0D
0.00000E+00 0.00000E+0D
2.36993E-08 2.82264E-04
6.15566E~05 7.34704E-01
0.00000E+00 0.00000E+00
0.00000E+00 0.00000E+0D
0.0000BE+00 0.00000E+00
G.95445E-06 5.91335E-02
7.34696E-07 8.76830E~03

TIME

29.85916

TABLE A.3.—Continued.

CHEMICAL PROPERTIES

NET_SPECIES PRODUCTION REACTION
RAT NUMBER

E (MOLE/CMxX%3/SEC)
3.57038E-26
0.00000E+00
9.11685E-08
0.00000E+00

.77099E-22
.00000E+00
+36753E~07
-4 .55842E-08
0.00000E+00

)
=HOBN
.
[

DNNHOVNANIUWUN

TOTAL ENERGY EXCHANGE RATE

C(CAL-CMxX3/6X%2/SEC)

CPU TIME FOR INITIALIZATION OF LSENS =
X%EQUILIBRIUM CONDITIONS Xx

0.00000E+00 SEC

FLOW PROPERTIES

PRESSURE

(ATM)
VELOCITY

(CM/SEC)
BENSITY

(G/CMxX3)
TEMPERATURE
HASS FLOR RATE
E T

(CAL/G/DEB K)
MACH NUMBER
GAMMA
ENTHALPY

(CAL/B)

SP. HEAT (CP)
(CAL/G/DEG K}

AREA

5.50000
0.00
7.36828E~-04
2358.31
1.40000E+02
2.3604
0.0000
1.2661
9.23463E+01
3.69083E~-01

CHEMICAL PROPERTIES

0.00000E+00 SQ CM

RATE CONST  NET REACTION CONV RATE
CGS_ UNITS  (MOLE-CMX%3/GX%x2/SEC)
§.5377E+08 0.0GB00E+0O

6.2545E+09 0.00000E+00
7.3608E+10 0.00000E+00
1.9113E+13 0.00000E+00
2.6655E+13 0.00000E+00
3.0000E+]12 0.00000E+00
6.83359E+13 0.00800E+00
1,1708E+07 0.00C00E+00
2.64813E+12 0.00000E+00
1.3000E+12 0.00000E+00
7.8000E+11 0.00000E+00
5.3163E+04 0.00000E+00
1.0230€+12 0.00000E+00
2.7337E+15 0.00000E+00
2.4606E-16 0.00000E+00
8.8750E+15 0.00000E+00
1.3075E-12 0.00000E+00
1.2901E-17 2.85221E-21
4.4641E+09 0.00000E+00
7.8713E-23 2.97450E-25
2.2695E+11 0.00000E+0D
€.7500E+10 0.00000E+0CD
1.7030E+10 0.00000E+00
2.3665E-13 3.81152E-17
8.3160E+00 0.00000E+00
8.3000E+11 0‘000005+00
1.2500E+12 O00CDGE+00
8.8433E-02 0 G00COE+C0
1.5071E+06 0.00C00E+00Q
6.9297E+00 7.28341E-03
3.9081E-14 0.00000E+00
1.5992E+05 0.00000E+00
2.6015€E+11 0.00000E+00
2.2695E+11 0.00000E+00
3.39759E-16 MASS FRACTION SUM
0.616667 S

AXIAL POSITION

NET RATE/POSI-
TIVE DIR RATE
0.000

0.00000
0.00000
.00000
.00000
.00000
00000
00008
00000
00000
00000
00000
00000
.00800

OQOOGGQGODOO

0.80000

1.00000000

0.000C0E+00 CM

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

]
0.00000E+0D
)

CONCENTRATION MOLE FRACTION  NET SPECIES PRODUCTION REACTION RATE CONST  NET REACTION CONV RATE  NET RATE/POSI-
(MOLES/CM%x3) RATE (MOLE/CPXX3/SEC) ~NUMBER ~ CGS_UNITS = (MOLE-CHXK3/OXx2/SEC)  TIVE DIR RATE
2.17893E-10 7.64039E-06 -2.50908E-04 1 1.3329E+12 -7.60162E-04 0.00000
05534E~06 42200E-01 £.69456E~03 2 5.6424E+12 ~2.68660E~05 0.00000
1.53281E-08 5.376479E-04 -3.22697E~04 3 2.2116E413 -6.59110E-04 $.00000
3.72907€-03 1.30759E-03 2.13187E-07 % 4.6178E+13 1.43082E~06 5.08000
2.11927E-10 7.43113E-06 3.89G33E-04 5 4.0363E+13 7.03729E-09 0.00000
1.73940E-06 6.09920E-02 -5.55653E-03 é 8.0D0DE+12 1.29043E-07 0.00000
3.90703E~13 1.37000E-08 -1.11365E-07 7 1.0656E+14 2.26499E-06 0.00000
7.36323E-14 2.57667E-09 2.33313E-05 3 3.7653E411 1.99374E-01 0.42297
3.10373E-06 1.08834E-01 3.94626E-03 9 §.6911E+412 -6.86707E~03 0.42297
1.26895E-06 4.44958E-02 -5.94626E-03 10 1.8000E+12 2.15231E-07 0.42297
1.80796E-05 6.33959E~01 -9.51429E~18 1 7.8000E+11 -2.90148E-03 8.42297
2.64686E-09 9.28113E-05 8.94424E-10 12 3.4629E+12 ~4.30001E+01 0.42297
7.36828E-16 2.57667E-09 1.0084GE-09 13 1.2845E+13 1.34110E-01 0.00000
7.36828E-14 2.57667E~09 6.93592E-09 14 1.8086E+15 3.6668GE-06 0.00000
7.34828E~14 2.57667E-09 -2.73787€E-09 15 2.1738E+05 -5.10833E-06 0.00000
2.15801E~07 7.56703E-03 0.00000E+00 16 3.0209E+15 2.93337E-06 9.00000
17 2.6038E+05 -2.10296E-04 0.00000

12 8.1234E+03 -2.35297E-10 ¢.00000

19 6.7526E+09 8.45730E+00 1.00000

20 3.9510E+00 3.28491E+00 1.00000

21 2.2102E+11 3.61677E+02 1.00000

22 1.5172E+10 3.53653E+05 1.08000

23 9.0570E+10 3.70220E+05 1.00000

2% 2.5376E+05 1.80064E~03 1.00000

25 5.8546E+07 7.59605€~04 1.00000

26 8.3000E+11 2.46114E-05 1.00000

27 1.2500E+12 4.50252E-04 -00000

28 (7603E+08 1.17122E-03 1 00000

29 1.1999E+07 2.37704E-05 1.0000¢

30 1.6339E+08 5.07039E-03 1.00000



TABLE A.3.—Continued.

31 2.7300E-05 1.86371E-14 1.000894
32 8. 408GE+DS 2.55717E+02 1.90a00
33 3_5580E+11 2.13927E+00 1.04900
34 2.2102E+1) 3.61ET7EHR2 1.9090000
WIXTURE MOLECULAR WEIGHT 25.76666 TOTAL ENERGY EXCHAWGE RATE =2.09583E+06 MASS FRACTION SUM 1.00000011
{CAL~CHMxx I/ 6X%2/5EC

COMPUTATIONAL WORK REQUIRED FOR EQUILI&RIUH CALCULATION:
NO. OF ITERATIONS = 12 CPLt TIME = &.999995E-02 35

THITIAL ESTIMATES (SIGMAS} AT TEMPERATURE *  32350.31 K:

1} 2.96523E-07
H2o 5.51876E-03
DA Z2.08595E-05
H 5.07475E-05
o2 2.88403E~47
H2 2.367T99E=03
HD2 5.31693E~10
HZG2 1.G0Q00QE-10
co 6. 22382E-03
co2 1.726A7E-03
N2 2.56D358E-02
HO 3.60201E-04
cN 1.E26B00E-10
CH2 1.00000E-10
C3Hs 1.60000E-10
AR 2.93675E-0%
{HSR) ¥x¥ FOR CONV. NO. 1, COMVERGED TEMP. (AFTER 13 ITERATIONS) IS5 GREATER THAH OR EQUAL TO THE PREVIOUS TEMP. #xx
MASS FLOW RATE = 1.50D0GE+32 G/S, TEMPERATURE = 2.43751E+03 K, PRE¥IOUS TEMPERATURE = 2.35031E+03 K
{H3R) %% RESTART: MASS FLOW RATE = 2.3DDROEH0Z 675, TEMPERATURE = 2.35031E#03 X ¥
{H5R] ¥%x FOR CONV. HO. 1, CONYERGED TEMP. (AFTER_ 13 ITERATIONS) 15 GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. XX
MASS FLOW RATE = 2.800L0E+02 O/5, TEMPERATURE = 2.393895E+D3 K, PREVIOUS TEMPERATURE = Z.35031E+03 K
{H5R) %% RESTARY: MASS FLOW RATE = 5.6D000E+02 G/5, TEMPERATURE = 2.35031E+03 X »¥
KELLSTIRRED REACTOR CALCULATION.... GLOSAL TEST CASE: CHAMGE AND ADD OLDBAL AND MOLECULAR REACTIDNS CASE 2
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO
PRESSURE ATH 5, 50000 5.50000 1.00000
T . DED K a00, 000 2322.048 2.90260
ENTROPY CAL/GM/K 1.80111 2.25758 1.25344
BENSITY GM/CMXRY 2.50173E-0% A.08713E-04 0.323526
ENTHALPY CAL/GM 92,3468 92,3968 rL.n0000
SP. HEAT {CP) CAL/GWK 3.12945E-01 3.75502E-01 }-199%9
MOL. WT. OF MIXT 29.8592 28.0169%
GAMMA 1.2701 1.232%
SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
[#) 0.90900E+00 0. 00030E+00 §.87192E-0% 3.92430E-D4
Hz2D 0. 0000aE+DD q.000E+80 1.435809E-01 9, 26711E-D2
OH 2.000ME+D 0.00000E*00 4.89021E~03 2.95854E-03
H 2. 00080E+D 0.0030GE+00 1.11930E-03 G.D2695E~D5
a2 1.97112E~D 2.11236E-D1 1.18479E-02 1.35318€E-02
HZ 6.00000E+0 0._98000E+00 5.9416LE-03 %.27496E-DG
HO2 0. Q00HEHD 0.-JCOGrE+0D 5. 82955E-06 1.040Z1E-D5
H282 0. +00 0.9000DE+0D 6_21885E-07 5.122D0E-D7
<o Q. D0 1] 2.30032E~02 2. 29985E~12
caz 2.82266E-04 4.16032E-04 §.69365E-02 §1.36563E-01
N2 7.347049€E-D0) 6.59285E-D1 6.87537E-01 6, 37452E-01
HD 8.00000E+00 a.4a0a00E+D0 %, 51690€E-04 4.83769E-04
CH 0.00Q00E+DD 0.00000E+DD 5.22C26E-03 2.93047TE-D3
cHZ 0. 0O0YNEFDG 2.00000E+R0 6. 69793E-93 3.35335E-05
C3Hs 5.91335E-02 &.73286E-D2 1.56204E-02 2.4585ZE-D2
AR B8.76390E~D3 1.1731TE-02 &, 22787E-D5 1.17317E~D2
VOLUNE 508.004 CHxx3 MASS FLO  564.840 GM/SEC
NDOT/YOLUME = 1.12000 RESIDENCE TIME = 0.722 MSEC  ITERATIONS = 14
WELLSTIRRER REACTYOR CALCULATION.... GLOBAL TEST CASE: CHANGE AND ADD GLOBAL AMD MOLECULAR REACTIDNS CASE 2
INITIAL STATE FINAL STATE FINAL/INITIAL RATIG
FRESSURE ATH 5. 50000 5. 50000 1.00000
TEMP. DEG K 20 40 1955.97 2.964496
ENTROPY CAlL 7GM7K 1.8011 2.18426 1.21273
DENSITY GM/CMEXS 2.50173E-03 9.72001E-09 Q. 38353
ENTHALPY CAL/GH 92,346 92,3668 1.00600
5P. HEAY (CP) CAL/7GW/K 3.12948E-01 3.69334E-01 1.18618
MOL. WT. DF MIXT 29.8592 28.36G4
BAMMA Ara 2541

58



TABLE A.3.—Concluded.

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
0 0.00800E+00 0.00000E+00 1.13807E-03 6.41940E-04
H20 0._00000E+00 0.000DOE+00 1.15773E-01 7.35311E-02
oH 0.00000E+0D 0.00000E+00 3.95050E-03 2.36870E-D3
H 0.90000E+00 Q.08000E+00 4.24190E-04 1.50709E-05
02 1 97112E-01 2.11236E-01 %.59855E-02 5.18773E-02
H2 .00000E+09 0.00000E+00 1.20109€E-03 8.53581E-05
HOZ 0 00000E+00 0.00000E+00 3.05287€E-05 3.55250E-05
H202 0.00000E+00 0.00000E+DD 2.20101E-06 2.6396G4E-06
co 0.00000E+00 0.00000E+00 7.41556E-03 7.32294E~-03
co2 2.82264E-04 4§.16032E-04 7.70176E-02 1.19649%E-01
N2 7.34706E-01 6.89283E-01 6.97275E-01 §.836492E-01
NO 0.00000E+00 0.00000E+00 6.77813E-04% 7.17039E-04
CN 0.000C80E+00 0.00000E+00 6.29312E~04 5.77242E-0%
CH2 0.00000E+00 0.00000E+00 1.83603E~02 9.07948E-03
C3Hg8 5.91335€-02 3.73236E-02 2.17887E-02 3.38732E-02
AR 8.76390E-03 1.17317€~02 8.32998E-03 1.17317€-02

VOLUME 500.000 CMx3 MASS FLO 1516.00 GM/SEC
MDOT/VOLUME = 3.02000 RESIDENCE TIME = 8.322 MSEC  ITERATIONS = 3
WSR) CONV.. NO NO. ITERATIONS = 3
MASS FLOW RATE = 1.56000E+83 G/S TEMPERATURE = 1.92269E+D03 K RESIDENCE TIME = 3.17559€-04¢ S
NELLSTIRRED REACTOR CALCULATION.... GLOBAL TEST CASE: CHANGE AND ADD GLOBAL AND MOLECULAR REACTIONS CASE 2
INITIAL STATE FINAL STATE FINAL/INITIAL RATIQ

PRESSURE ATM 5.50000 5.50000 1.00000

TEMP. DEG K 800.000 1873.52 2.34815

ENTROPY CAL/GM/K 1.80111 2,16364 1.20128

DENSITY GM/CMx%Z 2.50173E-03 1.01711E-03 0.640656

ENTHALPY CAL/GM 92.3668 92,3468 1.00000

SP. HEAT (CP} CAL/GM/K 3.12948E-01 3.67837E-01 1.17539

MOL. WT. OF MIXT 29.8592 28.5056

GAMMA 1.2701 1.2338

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

a 0.000Q0E+00 0.00000E+00 1.18240E-03 6.63646E~04

H20 0.00000E+00 0.00000E+0D 1.07409E-01 6.78813E-02

OH 0.00000E+00 0.00000E+00 3.47916E-03 2.07577E-03

H 0.00000E+00 0.00000CE+0D 3.12397E-04 1.106465E-05

02 1.97112E~01 2.11236E~01 5.66933E~02 6.36412E-02

H2 0.00800E+00 0.00000E+0D 6.34489E-04 4.48634E-05

Ho2 0.00000E+00 0.00000E+00 3.346085E-05 3.87439E-05

H202 0 G0000E+00 0.00000E+00 2.93797E-06 3.50576E-06

co .00000E+00 0.00008E+00D 5.47125E-03 5.37620E-03

co2 2 82264E-04 4.16032E-04 7.26205E~02 1.12119E-01

N2 . 34704E-~01 6.89238E-01 7.00907E-01 6 .83804E-01

NO 0 00000E+00 0.00000E+00 6.43177E-04 6.32296E-04

CN .D0BCOE+CO 0.00000E+00 3.35483E-06 3.06203E~04

CH2 0 0000CE+CD 0.00000E+00 1.72462E-02 8.48636E-03

C3H8 5.91335€-02 8.73286E-02 2.66516E-02 3.81342E-02

AR 8.76890E-03 1.17317E-02 8.37140E-03 1.17317E-02

VOLUME 500.000 CHM3xx3 MASS FLO0  1610.00 GM/SEC
MDOT/VOLUME = 3.22000 RESIDENCE TIME = 0.316 MSEC  IYERATIDNS = ¢
(N5R) %% 75 ITERATIONS DID NOT SATISFY CONVERGENCE REQUIREMENTS xx
= 1.66000E+33 G/5 TEMPERATURE = 1.85438E+03 K
PSR SOLUTION ABANDONED
ITERATION NUMBER: 75 CURRENT TEMPERATURE = 1854.338 K CURRENT MDOT = 1.66900E+03 G/S
I W(ID TZ(I)
1 -0.16762E-02 -0.18179E-02
2 0.18731E-01 0.75625E-02
3 -0.25667E-02 ~0.29014E-02
4 0.31332E-02 0.81583E-02
5 =B.14576E-01 -0.883945E-03
[ ~0.18196E-01 -0.10227E-01
7 -0.25369E-04 =0.29400E-04
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REACTION
NUMBER

NV NARL NN

ot ot

KUMBER

TABLE A.4.—COMPUTED RESULTS FOR TEST CASE 3 (PROPANE-AIR PSR PROBLEM OF CASE 2
WITH ADDED MOLECULAR REACTIONS IN MECHANISM)

%% DATA LINES x
1 2 3 4 5 6 7 8
CC 12345678901234567890123456789012345678901234567890123456789012345678781234567890

gbglAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE CASE 3
&rtype global=.true.,gronly=.false., gladd = .false., glchng = .false.,

mrprev = .falss., mrchng = .false., mradd=.true., G&end
H2 0 = el + OH 1.7E+13 0. §7780.
gND + K202 = OH + HD2 8.0E+13 0. 1000.
- BLANK LINE -~
TIME C3H8
&PROB HELSTR=.TRUE., &END
SWSPROB

DELMD= 50,, DOTMAX= 1300.,MPR=2,
VOLUME= 500., &END
g;tart t= 800.,p=5.5, mdot= 450., sratic = 1.5, scec =3.0, sch =8.0, &end

E
FINIS

LEWIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEWIS RESEARCH CENTER

GLOBAL TEST CASE: ADBD MOLECULAR REACTIONS TD PREV. CASE CASE 3

REACTICN REACTION RATE VARIABLES
A N ACTIVATION
ENERGY
1%0 +  1¥H20 = 2%0H §.80060E+13 0.0000 18365.900
1xH +  1x02 = 1%0H + 1x0 1.8%9000E+14 0.0080 16400.00
1x0 +  IxHZ = 1x0H + 1%H %.20000E+16 0.0000 13750.00
1x8 +  1xHO2 = 1%HZ + 1%02 7.28000E+13 0.0000 2126 .00
ixg +  1%HQ2 = 1%0H + 1%02 5.00000E+13 0.0000 1000.00
1xHO2 +  1xOH = 1%H20 + 1%02 8.00000E+12 0.0000 G.00
1xR +  1xHO2 = 2%0H 1.34D000E+14 0.0000 1070.00
1%H2 +  1%HO2 = 1%H202 + 1xH 7.91000E+13 0.9000 25008.08
1%0H +  1xH202 = 1xH20 + 1xHO2 6.10000E+12 0.0000 1430.00
2%HO2 = 1xH2082 + 1%02 1.20000E+12 0.0000 0.00
1xH +  1xH202 = 1X0H + 1%H20 7.80000E+11 0.0000 0.00
M +  1xH202 = 2%0H 1.46000E+17 0.0800 45510.008
1%H2 +  1%0H = 1%H20 + 1xH 6. 764000E+13 0.0000 6093.00
1xH +  1x02 = 1xH02 + M 1.46000E+15 0.0000 -1000.08
M +  1xH20 = 1%H + 1%0H 1.30000E+15 0.90000 105140.00
1xH +  1x0 = 1%0H + M 7.10000E+18 ~-1.0000 8.00
M +  1xH2 = 2%H 2.20000E+14 0.08000 96000.00
M +  1x02 = 2%0 1.80000E+18 -1.0000 118020.00
ixCo + 1x0 > 1%xCo2 &8.43000E+09 -0.0010 1000.08
1xC02 > 1%C0 + 1x%0 9.03000E+18 ~1.8400 130754.00
1xH2 +  1x02 = 2%0H 1.70000E+13 0.8000 47780.00
1%0 +  1xH202 = 1%0KB + 1%HO2 3.0000CE+13 0.0000 1000.00
ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLOWING
» 123 = 2.30000 M(o2 » 12) = 0.78000 M(H20 » 12} = 6.,00000 M{H202 » 12) = 6.60000
» 16) = 1.30000 M(N2 > 164) = 1.30000 M(H20 » 14) = 21.30000 M(H2 » 16> = 3.00008
» 15) = 6, 00 M(02 » 15) = 1.50000 M(H20 » 15) = 20.00000 M{N2 » 15} = 1.50000
5, 17) = 6, 00 Mto2 » 17) = 2.00000 M{H20 » 17) = 15.00000 M(N2 . 17) = 2.00000
¥x% GLOBAL REACTIONS 3%x
REACTION
1.0xH20 +  1.0x0 > 1.0%H2 +  1.0x02
1.0%C0 +  1.0xH20 > 1.0%C02 + 1.0%H2
1.0xC02 +  1.0%H2 > 1.0%C0 +  1.0%H20
1.0xN2 + 1.0%02 > 2.0%ND
2.0%NO > 1.0%N2 +  1.0%02
1.0%CN +  2.0x%0 > 1.0%ND +  1.0%CO
1.0XCN +  1.0%NO > 1.8%C0 +  1.0%N2
2.0%CH2 +  1.0%N2 > 2.0%CN + <0%H2
1.0%CH2 +  1.0%02 > 1.0xCO + 1.0xH20
1.0%D2 +  1.0%C3H8 > 3J.0%CH2 + 2.0%0H
1.0%H2 + 1.0%02 > 2.0%0H
1.0%XC3HS +  2.0%0H > 1.0%H20 +  1.0%CIHE + 1.0%0
1.0%0H + 1.0%H2 + 1.0%x02 > 1.0%H20 + 1.0%0 + 1.0%0H
1.0%H20 +  1.0x0 > 1.0%H2 + 1.0x02
REACTANT EXPONENTS REACTION RATE VARIABLES
REXP 1 REXP 2 REXP 3 A N ACTIVATION
ENERGY
0.000 1.000 1.0090 4%.90000E+10 g.1800 =510.00
.000 1.000 1.000 1.30000E+05 1.3100 -7000.90
0.00¢ 1.000 1.000 4.41000E+10 0.190¢8 3527.06
0.000 1.009 1.009 4.00D00E+14 0.0300 100000.00
0.0800 g.o000 2.000 2.00000E+11 0.000¢0 38000.00
0.000 1.000 l1.000 3.30000E+11 0.0000 8.00
0.000 1.000 1.089 1.25000E+12 0.0008 0.00
0.000 1.000 1.000 5.00000E+13 0.0000 ¢ 54000.0¢
0.000 1.000 0.500 3.50000E+07 0.0000 5000.00
0.000 1.600 0.100 1.10000E+12 0.0000 41000.00
0.000 1.800 1.000 1.00000E+00 0.0008 49030.00
0.000 0.150 1.000 1.98000E+06 0.gao00 4000.00
1.000 0.000 1.009 9.60000E+11 -0.1008 1013.00
0.000 1.000 1.000 4.90000E+10 0.180¢8 -510.00
¥%x NEW INPUT DATA GIVEN IN CGS UNITS x %% QUTPUT REQUIRED IN CGS UNITS x



ASSIGNED MASS

FUEL-AIR REACTION,

TIME  0.00000E+00 SEC

FLOW PROPERTIES
PRESSURE
(ATM)
VELOCITY
(CM/
DENSITY
(G/CMxX3)
TEMPERATURE
(DEG K)
MASS FLOW RATE
(G/SEC)
ENTROPY
CCAL/G/DEG K)
MACH NUMBER
GAMMA
ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/6/DES K)

CONCENTRATION

MASS FLOW RATE TO START ITERATION =

FUEL-AIR EQUIVALENCE RATIO =

TABLE A.4.—Continued.
%% ASSIGNED VARIABLE PROFILE xx
WELL - STIRRED REACTOR CASE

VOLUME OF REACTOR = 5.00000E+02 CMxx3

4%.50000E+02 G/S

FLOW RATE PROBLEM: MASS FLOW RATE INCREMENT =
MAXIMUM MASS FLOW RATE = 1.30000E+03 6/S

5.00000E+01 G/S

1.5008 OXYGEN FRACTION IN AIR =
NUMBER OF REACTING SPECIES: 15

NUMBER OF INERT SPECIES: 1

%% INITIAL CONDITIONS ex

AREA  0.00000E+00 SQ CM AXIAL POSITION
INTEGRATION INDICATORS

5.50000 STEPS FROM LAST PRINT
0.00 AVERAGE STEP SIZE

2.50173E-03 METHOD ORDER
800.00

4.50000E+02 TOTAL NUMBER OF STEPS'
1.8011 FUNCT EVALUATIONS
0.0000 JACOBIAN EVALUATIONS
1.2701

9.23968E+01

3.129468E-01

CHEMICAL PROPERTIES

0.2095

8.00000E300 CM

0
0.00000E+00
0

SPECIES MOLE FRACTIOR  NET SPECIES PRODUCTION REACTION RATE CONST  MET REACTION CONV RATE  NET RATE/POSI-
(MOLES/CMXxx3) RATE (MOLE/CH!!S/SEC) NUMBER CGS UNITS (MOLE-CMXX3/GX%2/SECY TIVE DIR RATE

¢ 0.00000E+00 0.00000E400 3.57038E-26 1 6.S377E+08 0.00600E+00 0.0000¢
H20 D.00000E+00 0.00000E+00 0.00000E+00 2 6 .2545E+09 0.00800E+00 0.0000¢
OH 4.00009E+00 0.00000E+00 9.11635E-08 3 7.3608E+10 0.00000E+00 0.9000C
H 0.00000E+00 0.00000E+00 0.08000E+00 4 1.9113E+13 0.00000E+CD 0.00000
g2 1.651648E-05 1.97112E-01 -4.55842E~08 5 2.6655E+13 0.00000E+00 2.00000
H2 0.00000E+00 0.00C00E+00 0.00000E+00 [] 8.0000E+12 0.00000E+00 0.00000
HO2 8.00000E+00 0.80000E+00 0.00000E+00 7 6.8359E+13 0.00000E+0C 0.00000
H202 0.00000E+00 0.00C00E+00 <00000E+00 3 1.17038E+07 0.00000E+00 0.00000
Cco 0.00000E+00 0.00000E+0D 1.86163E-30 b 2.64813E+12 0.0000DE+SO 0.000800
€02 2.36493E-08 2.82264E~04 ~1.86163E-30 10 1.8000E+12 0.00000E+00 0.00000
N2 6§ .15566E-05 7.364706E-01 ~2.38549E-22 11 7.8000E+11 D.0C000E+00 0.00000
NO 0.00000E+00 0.00000E+0D0D 4.77099E-22 12 5.3163E+04 0.00000E+0G 0.00000
€N 0.00000E+00 0.00000E+09 0.00000E+00 13 1.0230E+12 0.00000E+00 0.0000¢0
CH2 0.00000E+00 0.00008E+00 1.36753E-07 14 2.7387E+15 0.00000E+00 0.00000
C3H8 %.95445E-06 5.91335E~02 -4.55862E-08 15 2.49606E-14 0.00000E+00 0.00800
AR 7.34696€-07 3.76390E-03 0.00000E+00 16 8.3750E+15 0.00000E+00 2.00060
17 1.3075E-12 0.00600E+QD 0.00000

18 1.2901E-17 2.85221E-21 1.0000¢0

19 6. 6641E+09 0.00000E+00 0.0000¢0

20 7.8718E-23 2.97450€E-25 1.g00800

21 1.5051E+00 0.00000E+CO 0.00000

22 G.2648E+13 0.0000BE+00 0.00000

23 2.2695E+11 0.00000E+00 0.00000

26 6.7500E+10 0.00000E+0D 0.00000

25 1.7080E+10 0.00000E+00 0.00000

26 2.3465E-13 3.81152E-17 1.00000

27 8.3160E+00 0.C0000E+00 0.00000

28 8.3000E+11 0.00D0OE+Q0 8.00000

29 1.2500E+12 0.90000E+00 08.00000

30 3.8483E-02 0.00C000E+QD 0.00000

31 1.5071E+06 0.00000E+00 0.00000

32 6.9297E+00 7.28361E-03 1.00000

33 3.9081E-14 0.0C000E+0D 0.00000

34 1.5992E+05 0.00000E+00 0.000090

35 2.6015E+11 0.00000E+0D 0 09009

36 2.2495E+11 0.00000E+CD .cgoao

MIXTURE MOLECULAR KEIGHT 29.85916 TOTAL ENERGY EXCHANGE RATE 3.39759E-16 MASS FRACTICN SUM 1.00000000

(CAL-CMx%%3/GX%x2/SEC)
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TABLE A.4.—Continued.

CPU TIME FOR INITIALIZATION OF LSENS = 0.216667 S
¥%XEQUILIBRIUM CONDITIONS %

TIME 0.00000E+00 SEC AREA  0.00000E+00 SQ CM AXIAL POSITION  0.0G000E+00 CM
FLOW PROPERTIES INTEGRATION INDICATORS

P%E;agRE 5.50000 STEPS FROM LAST PRINT 2

VELOCITY . 0.00 AVERAGE STEP SIZE 0.00000E+00
(CM-/SEC)

DENSITY 7 .34828E-06 METHOD ORDER o
(G/CMXX3)

TEMPERATURE 2350.31
(DE6 K)

H?g;sgégﬂ RATE 4%.50000E+02 TOTAL NUMBER OF STEPS o

ENTROPY 2.3606 FUNCT EVALUATIONS 0
(CAL/G/DEG K)

MACH NUMBER 0.0000 JACOBIAN EVALUATIONS 0

GAMMA 1.2641

ENTHA}PY 9.23463E+01

SP. HEAT (CP) 3.69033E-01
(CAL/G/DEG K)
CHEMICAL PROPERTIES

SPECIES CONCENTRATION MOLE FRACTION  NET_SPECIES PRODUCTION REACTION RATE CONST  NET REACTION CONV RATE NET RATE/POSI-

(MOLES/CMxx3) RATE (MOLE/CM%x3/SEC) NUMBER CGS _UNITS  (MOLE-CMX%3/GX%2/SEC) TIVE DIR RATE
] 2.17893E-10 7.64039E-06 ~2.50907E-04 1 1.3329E+12 ~7.60162E-04 0.00
H20 4.05536E-06 1 42200E-01 8.69456E-03 2 5.642GE+12 -2.68460E-05 0.00000
OH 1.53281E-08 5.37479E-04 ~3.22698E-04 3 2.2116E+13 -6.59110E-04 0.00000
H 3.72907E-08 1.30759E~03 2.13187E-07 4 G.6178E+]13 1.43082E-06 0.00000
a2 2.11927E-10 7.63118€-06 3.839433E-04 5 §.0363E+13 7.03729E-09 0.00000
H2 1.73940E-06 6.09920E-02 -8.55659E~03 6 8.0000E+12 1.29063E-07 0.00000
HO2 3.90703E~13 1.37000E-08 -1.12123E-07 7 1.0656E+14 2.24499E-06 0.00000
H202 7.34823E-14 2.57667E-09 2.33325E-05 ] 3.7453E+11 1.99374E-01 0.42297
Co 3.10378E-06 1.08834E-01 &.94626E-D3 9 4.64911E+12 -6.86707E-03 8.42297
€g2 1.26895E-06 4.44958E-02 -8.94626E-03 10 1.8000E+12 2.15231E~-07 0.42297
N2 1.80796E-05 6.33959E-01 -9.51429E-10 11 7.3000E+11 ~2.90168E~-03 0.42297
NO 2.64636E-09 9.28118E~05 8.94424E-10 12 8.64629E+12 ~6.30001E+01 8.62297
CN 7.34823E-14 2.57667E-09 1.00846E-09 13 1.2845E+13 1.94110E-01 0.00000
CH2 7.34828E-14 2.57667E~09 6.93592E-09 14 1.8086E+15 3.6668GE-06 0.00000
C3H8 7.36828E-16 2.57667E~09 ~2.73787E-09 15 2.1738E+05 ~5.10833E~04 0.00000
AR 2.15801E-67 7.56703E-03 0.00000E+00 16 3.0209E+15 2.93337E-06 0.00000
17 2.6038E+05 -2.10296E-04 0.00000
12 8.1234E+03 -2.35297E-10 g.00000
19 6.7526E+09 8.45730E+00 1.00000
20 3.9510E+00 9.236491E+00 1.00000
2l 6.1305E408 -1.53826E~07 0.00000
22 6.6581E+13 ~1.40369E-03 0.42297
23 2.2102E+11 3.61677E+02 1.g00000
24 1.5172E+10 3.53633E+05 1.00000
25 9.0570E+10 3.70220E+05 1.00000
26 2.5376E+05 1.80064E-03 1.06000
27 5.3546E+07 7.59605E-04 1.00000
28 8.3000E+11 2.46114E-05 1.00000
29 1.2500E+12 4.50252E-04 1.00000
30 4.7603E+03 1.17122E-03 1.00000
31 1.1999E+07 2.37704E-05 1.00000
32 1.6939E+08 5.070395—03 1.00000
33 2.7300E-05 1.86371E-14 1.00000
34 3 .G034E+D5 2.55717E+02 1.00000
35 3.5560E+11 2.13927E+00 1.00000
36 2.2102E+11 3.61677E+02 1.00000
MIXTURE MOLECULAR WEIGHT 25.76666 TOTAL ENERGY EXCHANGE RATE  -2.09533E+06 MASS FRACTION SUM 1.00000010

C(CAL-CMX%3/G%X2/SEC)

COMPUTATIONAL WORK REQUIRED FOR EQUILIBRIUM CALCULATION:

NO. OF ITERATIONS = 12 CPU TIME = 3.333378E-02 S
INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE =  23508.31 K:
g 2.96523E-07
H20 5.51876E-03
OH 2.08595E~05
H 5.07475E-05
174 2.88403E~07
HzZ 2.36709E-03
HOZ 5.31693E-10
H202 1.00000E-10
co 4.22382E-03
cg2 1.72687E-D3
N2 2.46033E-02
NG 3.60201E-06
CN 1.00000E-10
CH2 1.00000E-190
C3H8 1.00000€E~10
AR 2.93675E-04
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C(HSR)

CHSR)

(HSR)

TABLE A.4.—Continued.

PREVIOUS TEMPERATURE =

2.35031E+03 K

CASE 3

FINAL/INITIAL RATIO

1.00000
2.77173
1.26345
0.33937
1.00000
1.196483

MASS FRACT

DSQOSE 04

0343E-02
03700E-03
35094E-05
.20858E-02
.93945E-084
-74336E-05
.03859E-07
70052E-02
34563E-01
87716E-01
20204E-04
38194E-03
.01129E-03
.59551E-02

5.
8.3
3.
3.
2
2
1
9
1.
1.
6.
6.
2.
6
2
1.17317E-02

CASE 3

FINAL/IRITIAL RATIO

1.09000
2.48912
1,21751
0.38093
1.00000
1.18229

MASS FRACT

.25001E-0%
.58903E~02
.48146E-03

69061E-05
%.69740E~02
1.05115E-04
3.40626E-05
2.23256E-06

6
7
2
1.

2l617E~03
22539E-01
83543E-01
.15515E-04
.53627E-06
.13391E-03
22322E~-02

8.
1.
6.
7
7
9.1
3.
1.17317E-02

%%% FOR CONV. NO. 1, CONVERGED TEMP. (AFTER 14 ITERATIDNS) IS GREATER THAN OR EQUAL TO THE PREVIOUS TEMP.
MASS FLOW RATE = 4.50000E+02 G/S, TEMPERATURE = 2.35274E+03 X,
%% RESTART: MASS FLOW RATE = 9.00000E+02 G/S, TEMPERATURE = 2.35031E+03 K %x
HELLSTIRRED REACTOR CALCULATION....GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE
INITIAL STATE FINAL STATE
PRESSURE ATM 5.50000 5.50000
T . DE6 K 300.000 2217.39
ENTROPY CAL/GM/K 1.80111 2.23959
DENSITY GM/CMXx3 2.50173E-03 8. 69006E 04
ENTHALPY CAL/GM 92.3468 92.346
SP. HEAT (CP) CAL/GW/K 3.12948E-01 3. 739205‘01
MOL. WT. OF MIXT 29.8592 0866
GAMMA 1.2701 2334
SPECIES MOLE FRACT MASS FRACT MOLE FRACT
0 0.00000E+00 0.00000E+C0 3.92493E-04
Hz20 0.00000E+00 0.00000E+0D 1.37250E-01
OH 0.00000E+0D 0.00000E+00 5.015463E~03
H 0.00000E+0D 0.00000E+00 9.33721E-04%
02 1.97112E-61 2.112356E-01 1.93856E-02
H2 0.0D000E+00 0.80000E+00 4.09560E-03
HO2 0.00000E+00 0.00000E+00 1.48347€-05
H202 0.00000E+00 0.00000E+00 7.46335E-07
co 0.00000E+00 0 000Q0E+00 1.70515E-02
co2 2.82264E-04 4.16032E-04 8.58796E-02
N2 7.34704E-01 6 .89288E-01 6.89512E-01
NO 0.00000E+00 0.00000E+00 5.80529E-04
CN 0.00000E+00 0.00000E+00 2.57135E-03
CR2 0.00000E+00 0.00000E+0D 1.20367E-02
C3H8 5.91335E~02 8.73286E-02 1.65318E-02
AR 8.76890E-03 1.17317€E-02 8.24836E-03
VOLUME 500.000 CM3ex3 MASS FLO  900.000 GM/SEC
MDOT/VOLUME = 1.80000 RESIDENCE TIME = 0.472 MSEC  ITERATIONS = 13
WELLSTIRRED REACTOR CALCULATION....GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE
INITIAL STATE FINAL STATE
PRESSURE ATM 5.50000 5.50000
TEMP. DEG K 800.000 1991.29
ENTROPY CAL/6M/K 1.830111 2.19287
DENSITY GM/CMXX3 2.50173E-03 9.52978E~04
ENTHALPY CAL/GM 92.3468 2.3668
SP. HEAT (CP) CAL/GW/K 3.12948E-01 3.69995E-01
MOL. WT. OF MIXT . 2 28.3117
GAMMA . 1.2341
SPECIES MOLE FRACT MASS FRACT MDLE FRACT
4] 0.00000E+00 0.00000E+00 1.10597E~03
H20 0.00000E+00 0.00000E+0D 1.19266E-01
OH 0.00000E+00 0.00000E+0D %.13083E-03
H 0.00000E+00 0.00000E+00 §.74856E-06
02 1.97112E-01 2.11236E-01 4.15614E-02
H2 0.G0000E+00 0.00000E+0D 1.647633E-03
HO2 0.00000E+00 0.90000E+00 2.92002E-05
H202 0.00000E+00 0.00000E+00 1.85824E-06
co 0.00000E+0D 8.00000E+00 8.306454E-03
co2 2.82264E-04 ﬁ 16032E-0% 7.83301€E-02
N2 7.34704E-01 6.89288E-01 6.95879E-01
NO 0.00000E+00 0.00000E+0D 6.75110E-04
CN 0.00000E+00 0.00000E+00 8.20074E-04
CH2 0.00000E+00 0.00000E+00 1.84359E-02
C3HB8 5.91335E-02 3.73286E-02 2.06945E-02
AR 8.76890E~03 1.17317E-02 8.3146G4E-03
VOLUME 500.000 CMXX3 MASS FLO  1450.00 GM/SEC
MDOT/VOLUME = 2.90000 RESIDENCE TIME = 0.329 MSEC  ITERATIONS = 3
CONV..ND. = NO. ITERATIONS = _ 3
MASS FLOW RATE = 1.50000E+03 G/S TEMPERATURE = 1.96365E+03 K RESIDENCE TIME =

WELLSTIRRED REACTOR CALCULATION.

PRESSURE
TEM

ENTHALPY
SP. HEAT (CP)

ATM

DEG K
CAL/GM/K
GM/CMxxX3

CAL/GM
CAL/7BM/K

MOL. WT. OF MIXT
GAMMA

INITIAL STATE

5.50000
800.000

FINAL

...GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE
FINAL/INITIAL RATIO

STATE

5.50000
1932.21

2.1779%8
9.85460E-04
92.36468
3.68893E-01
28.4080

1.236

]

3.22616E-04 S
CASE 3

1.00000
2.41526

.20924
0.39391
1.00000
1.17877

£33 3
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64

SPECIES

VOLUME 560.000

MDOT/VOLUME =

C(HSR) CONV.- NO. =

15
MASS FLOW RATE =

CHSR) %¥xx 75 ITERATIONS DID NOT SAT£§5¥ COl

TABLE A.4.—Concluded.

MOLE FRACT MASS FRACT MOLE FRACT
0.00000E+00 0.00000E+00 1.164023E-03
©.00000E+00 0.900000£+00 1.13272E-01
0.00000E+00 0.00000E+00 3.78670E~03
8.0000CE+00 0.00000E+00 3.78700E-04
1.97112E-01 2.11236E-01 4.91890E-02
0.00000E+00 0.00000E+00 9.93964E-04
0.00000E+00 0.009G0E+00 3.23518E-05
0.00000E+0Q 0.00000E+00 2.28916E-06
0.0000CE+00 0.00000E+00 6.65623E-03
2.82264E-064 4.16032E-0% 7.58156E-02
7.34704E-01 6.89283E-01 6.983938E-01
0.00000E+00 0.00000E+00 6.66083E-04
0.00000E+00 0.00000E+00 5.294966E~04
0.00080E+00 0.00000E+00 1.81716E~02
5.91335E-02 8.73286E-02 2.26267E-02
8.76890E-03 1.17317E-02 8.36272E-93
CM¥x3 MASS FLO  1550.00 GM/SEC
3.10000 RESIDENCE TIME = 0.318 MSEC  ITERATIONS = 3
NO. ITERATIONS = 4
1.60000E+03 6/S TEMPERATURE = 1.89283E+03 K RESIDENCE TIME

PSR SOLUTION ABANDONED

ITERATION NUMBER:

75

CURRENT TEMPERATURE =

I W(I)
1 -0.36271E-02

1817.54 K

TZ(I)
=0.37634E-02

NVERGENCE REQUIREMENTS XXX

1.65000E+83 G/S TEMPERATURE = 1.81754E+03 X

MASS FRACT

42178E-04
18329E-02
267092E-03

3.51192E-02
1.17317E~02

= 3.15163E-04 S

CURRENT MDOT = 1.65008E+03 G/S



TABLE A.5.—COMPUTED RESULTS FOR TEST CASE 4 (PROPANE-HYDROGEN-AIR,
CONSTANT-VOLUME COMBUSTION WITH MECHANISM OF CASE 3)

%% DATA LINES xx

1 2 3 4 5 6 7 8
CC 123456789012365678901234567890123456789012364567890123456789012345678901234567390

GI.DgA!]._ TEST CASE; INTEGRATION CASE WITH PREVIOUS MECHANISM; CASE 4
REPEA
&rtype global=.true., mrprev = .falseésns Send
8prob rhocon = .true., print = l.e—6, 2.06-6, 3.0e-6, 3.50—6, G.0e-6,
.e=6, welstr = .false., &end
&start t= 1600., p=5.5, &end
H2 .0573205
N2 .720502
co2 .0002768
02 .193301
C3H8 .02
AR .0085997
END
g&solver emax = l.e-6, atolsp = l.e-15, &end
FINIS
LEWIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEKWIS RESEARCH CENTER
GLOBAL TEST CASE; INTEGRATION CASE KWITH PREVIOUS MECHANISM; CASE ¢
REACTION REACTION REACTION RATE VARIABLES
NUMBER A N ACTIVATION
ENERGY
1 1%0 +  1xHz2p = 2%0H 6.80000E+13 0.0000 18365.08
2 1xH +  1x02 = 1%0H + 1%0 1.89000E+14 0.0000 16400.00
3 1x0 +  1xH2 = 1X0H + 14 4.20000E+14 0.00090 13750.00
q 1%H +  1xHO02 = 1%H2 + 1x%02 7.28000E+13 0.0000 2126.00
5 1%0 +  1%HO2 = 1%0H + 1%02 5.00000E+13 0.0000 1000.008
[ 1%HOZ +  1%0H = 1xH20 + 1%02 8.00000E+12 0.0000 9.00
7 xH +  1%HO2 = 2%0H 1.36000E+14 g.0000 1070.90
3 1%H2 +  1%HO2 = 1%H202 + xH 7.91800E+13 0.0000 25000.80
9 1%0H +  1%H202 = 1%H20 + IxHo2 6.10000E+12 0.0000 1430.00
10 2%XHO2 = 1XH202 + 1%02 1.80000E+]12 0.0000 0.00
11 1xH +  1xH202 = 1%0H + 1%H20 7.80000E+11 0.0000 0.00
12 M +  1xH202 = 2%0H 1.646000E+17 0.0000 45510.00
13 1%H2 +  1%0H = 1%H20 + 1xH 4.76000E+13 0.000¢0 6098.00
14 1xH + 1x02 = 1X%HO2 + M 1.46000E+15 0.0008 -1000.00
15 M + 1%H20 = 1%H + 1x0H 1.30000E+15 0.0000 1051468.00
16 1xH + 1x0 = 1%0H + 7.10000E+18 -1.0000 0.00
17 M +  1%H2 = 2%H 2.20000E+14 g0.0000 95000.00
18 M +  1x02 = 2%0 1.30009E+18 -1.0000 118020.00
19 1xCo + 1%0 > 1xC02 8.43000E+09 -0.0010 1000.00
20 1xC02 > 1xCo + 1x0 9.08000E+18 -1.8400 130754.00
21 1x%H2 + 1%92 = 2%0H 1.70000E+13 0.0000 %#77830.00
22 1x0 +  1xH202 = 1%0H + 13%HO2 8 .00000E+13 0.000¢0 1000.00
ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLOWING
M{H2 » 12) = 2.30000 MCD2 » 123 = 0.78000 M(H20 ,y 12) = 6.90000 M(H202 » 12) = 6.60000
M{02 » 164) = 1.30000 M(N2 » 16) = 1.30000 M(H20 , 14) = 21.38008 M{H2 » 1) = 3.00000
M{H2 » 15) = 4.00000 M(02 » 15) = 1.50000 M(H20 » 15) = 20.00000 MC(N2 » 15) = 1.50000
M{H2 -, 12) = 4.10000 M(02 » 17) = 2.00000 M(H20 . 17) = 15.00000 MIN2 » 17) = 2.00000
%% GLOBAL REACTIONS 0%
NUMBER REACTION
23 1.0%H20 + 1.0%x0 > 1.0%H2 + 1.0%02
24 1.0%C0 +  1.0%H20 > 1.0%Cg2 +  1.0%H2
25 1.0%C02 + 1.0%H2 > 1.0%CO +  1.0%H20
26 1.0%N2 + 1.0%02 > 2.0%NO
27 2.0%ND > 1.0%N2 + 1.0x02
28 1.0%CN + 2.0%0 > 1.0%NO + 1.0xC0
29 1.0%CN + 1.0%NO > 1.0%CO +  1.0%N2
30 2.0%CH2 +  1.0%N2 > 2.0%CN +  2.0%H2
31 1.0%CH2 + 1.0%02 > 1.9%C0 + 1.0x%H20
32 1.0x%062 + 1.0%C3H2 > 3.0%CH2 + 2.0%0H
33 1.0%H2 +  1.0%02 > .0%0H
34 1.0%C3H8 + 2.0%0H > 1.0%H20 + 1.0%C3H3 + 1.0%0
35 1.0x0H + 1.0%H2 + 1.0x%02 > 1.8%H20 + 1.0%0 +  1.0%0H
36 1.0%xH20 + l1.0%0 > 1.0%xH2 +  1.0%02
REACTION REACTANT EXPONENTS REACTION RATE VARIABLES
UMBER REXP 1 REXP P 3 N ACTIVATION
23 0.000 1.000 1.000 4.90000E+10 0.1308 ~516.00
26 .000 1.000 1.000 1.30000E+05 1.3108 -7000.00
25 0.000 1.000 1.000 4.41000E+10 0.1900 3527.00
26 0.000 1.000 1.000 4.00000E+19 0.0300 100080.00
27 0.000 0.000 2.000 2.00000E+11 0.0000 38000.00
28 0.000 1.000 1.000 8.30000E+11 0.00900 0.00
29 0.000 1.000 1.000 1.25000E+12 0.0000 08.00
30 0.000 1.000 1.000 5.00000E+13 .9000 54000.00
31 0.000 1.000 8.500 3.50000E+07 0.0000 5000.00
32 0.000 .60 0.100 1.10000E+12 0.0000 41000.00
33 0.000 1.000 1.0080 1.08000E+00 0.0000 49080.00
36 0.000 0.150 1.000 1.98000E+06 0.0000 4000.00
35 1.000 0.000 1.000 9.60000E+11 ~0.1000 1013.00
36 0.000 1.000 1.000 4.90000E+10 0.1808 -510.00
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TABLE A.5

%% NEW INPUT DATA GIVEN IN CGS UNITS ax

.—Continued.

%X OQUTPUT REQUIRED IN CGS UNITS Xxx

%% ASSIGNED VARIABLE PROFILE *x

THIS IS A CONSTANT DENSITY PROBLEM - AN ASSIGNED VARIABLE IS NOT REQUIRED

NUMBER OF REACTING SPECIES:
NUMBER OF INERT SPECIES:

15
1

NUMBER OF SPECIES OBE”S REQUIRED FOR THIS CASE: 15
TOTAL NUMBER OF ODE’S REQUIRED FOR THIS CASE: 16

INTEGRATION CONTROLS

INTEGRATION METHOD (MF): 21

MAXIMUM NUMBER OF STEPS ALLOWED FOR THE COMPLETE PROBLEM:

%X OUTPUT REQUIRED AT FOLLOWING

STATION
1
2
3
4
5
6
%
TIME D.00QOOE+00 SEC AREA
FLOW PROPERTIES
PRESSURE 5.50000
(ATH)
VELOCITY 0.00
(CM/SEC)Y
PENSITY 1.16135E-03
(G/CMxX3)
TEMPERATURE 1600.00
(DEG K)
MASS FLOW RATE 0.00000E+D0
(G/SEC)
ENTROPY 2.6791
(CAL/B/DEG K)
MACH NUMBER 0.0008
GAMMA 1.2740
ENTHALPY 3.72713E+02
(CAL/G)
SP. HEAT (CP) 3.33274E-01

(CAL/G/DEG K)

MAXIMUM RELATIVE ERROR:

1.00000E-06

TIME (SEC)

1.00000E-06
2.00000E-06
3.00000E-06
3.50000E-06
DDBUUE 06

0E-06

b

0.00000E+00 5SQ CM

CHEMICAL PROPERTIES

SPECIES CONCENTRATIDN MOLE FRACTION NET SPECIES PRODUCTION REACTION
ES/CMx HOLE/CN!!S/SEC) NUMBER
0 D.DOODOE*OU 0.00000E+00 -9 83591E-05 1
H20 0.00000E+00 0.00000E+00 1.56676E-03 2
OH 0.00000E+00 0.00000E+0D 9.91942E-03 3
H 0.00000E+00 0.D0000E+00 1.31087E~04 4
g2 8.09779E~06 1.93301E-0} ~4.99263E~03 5
H2 2.40128E-06 5.73205E~-02 -1.77620E-03 6
HO2 *0.00000E+00 0.00000E+D0D 1.31080E-04 7
H202 0.00000E+00 0.00000E+00 0.00000E+0DD ]
co 0.00800E+00 0.00000E+00 1.64512E~03 9
€02 1.15957E-08 2.76300E-04 -1.64512E-03 10
N2 3.01836E-05 7.20502E~01 -2.67274E-09 11
NO 0.0000DE+00 0.00000E+00 5.36547E-09 12
CN 0.00000E+00 0.0000CE+00 0.00000E+00 13
CHZ 0.00000E+0D 0.00000E+00 1.65861E-02 14
C3H8 8.37842E-07 2.00000E-02 ~4.86135E-03 15
AR 3.60260E-07 8.59970E-03 0.00000E+00O i;
18
19
20
21
22
23
26
25
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SPECIES ABSOLUTE ERROR: 1.00000E-15

2000

6 PRINT STATIONS %

% INITIAL CONDITIDNS K

AXIAL POSITION 0.00000E+00 CM

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0
AVERAGE STEP SIZE 0.00000E+00
METHOD ORDER 0
TOTAL NUMBER OF STEPS L}
FUNCT EVALUATIONS 0
JACOBIAN EVALUATIONS 0
RATE CONST  NET REACTION CONV RATE  NET RATE/POSI-
C65  URITS  (MOLE-CMXX3/GXX2/SEC) TIVE DIR RATE
2.1085€+11 0.00000E+00 0.00000
1.0872E+12 0.00000E+00 0.00000
5.5602E+12 0.00000E+00 0.00000
3.7302E+13 =9.71879E+01 1.00000
3.6507E+13 0.00000E+00 0.00000
8.0000E+12 0.C0000E+00 0.00000
9.5708€E+13 0.00000E+00 0.00000
3.0432E+1¢C 0.00000E+00 0.00000
3.8905E+12 0.00000E+00 0.00000
1.3D0D0E+]12 0.0000CE+00 0.00000
7.8000E+11 0.00000E+00 0.00000
8.7496E+10 0.00000E+00 0.00000
6.9635E+12 0.00000E+00 0.00000
1.9996E+15 0.00000E+00 0.0g000
5.6558E+00 0.00000E+00 0.00000
4.4375E+15 0.00000E+00 0.00000
1.6960E+01 2.64572E-03 1.00000
8.5137E-02 2.14264E-05 1.00000
6.1093E+09 0.00000E+00 0.00000
1.5935E-05 1.36999E-07 1.00000
5.0583E+06 7.29275E+01 1.00000
5.8411E+13 0.00000E+00 0.00000
2.1707E+11 0.00000E+00 0.00000
1.8514E+10 0.00000E+0D 0.00000
5.9082E+10 1.21976E+03 1.00000



DERIVATIVES (CGS UNITS): T
MIXTURE MOLECULAR WEIGHT

TIME

FLOW PROPERTIES

27.72230

=5.04396E+06

TOTAL ENERGY EXCHANGE RATE
(CAL-CM¥x3/GX%2/SEC)

CPU TIME FOR INITIALIZATION OF LSENS =

1.00000E-06 SEC 0.00000E+00 SQ CM

PRESSURE 5.58
(ATM)

VELOCITY g.00
{CM/SEC)

DENSITY 1.16135E~
(O/CMxX3)

TEMPERATURE 1627.
(DEG K)

MASS FLOW RATE 8.00000E+
(G/SEC)

ENTROPY 2.09
{CAL/G/DEG K)

MACH NUMBER 0.00

GAMMA 1.27
ENTHALPY 3.74990E+
(CAL/G)

SP. HEAT (CP) 3.33980E-

(CAL/G/DEG K}

TABLE A.5.—Continued.

RHO

AREA

525

63
92
00
28
00
26
02
01

26 1.0935E+01 1.98168E-03
27 1.2897E+06 0.00000E+00
28 8.3000E+11 0.00000E+00
29 1.2500E+12 0.00080E+00
30 2.1034E+06 0.00000E+00
31 7.2627E+06 0.00000E+00
32 2.7609E+06 3.60661E+03
33 1.9769E-07 2.85017E-12
34 5.6272E+05 0.080000E+00
35 3,3380E+11 0.00000E+00
36 2.1707E+11 0.00000E+00

0.00000E+00
5.11257E+06

0.833333 S
AXIAL POSITION
INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATICNS
JACOBIAN EVALUATIONS

CHEMICAL PROPERTIES

MASS FRACTION SUM

0.00000

1.00000000

0.00000E+00 CM

107
0.94604E~08
5

107
128
13

{PECIES CONCENTRATION  MOLE FRACTION NET SPECIES PRODUCTION REACTION  RATE CONST  NET REACTION CONV RATE  NEY RATE/PQSI-
(MOLES/CMxx%3) LE/CMxx3/SEC) NUMBER CBS_ UNITS CMOL E~CMXX%3/GXX2/SEC) TIVE DIR RATE

O 3.19217E-07 7.636461E-03 1 534195#00 1 2.3280E+]11 ~2.67982E+05 0.84410
H20 8.98284E-07 2.14840DE-02 3.60541E+00 2 1.1878E+12 1.63230E+06 0.63751
UH 3.16661E-07 7.57348E-03 1.02544E+00 3 5.9882E+12 1.17971E+06 0.72556
b 3.96981E-07 9.496446E-03 1.00269E+00 4 3.7732E+13 7.31763E+04 0.99923
a2 7.32362E-06 1.75156E-01 -3.09190£+00 5 3.6704E+13 5.72712E+04 0.99979
H2 1.16721E~06 2.76374E-02 -4.61715E+00 6 8.0000E+12 1.23869E+04 0.99997
Ro2 6.59396E~09 1.57705E-04 1.379649E-03 7 9.6262E+13 1.86817E+05 0.99992
H202 6.23618E-10 1.49149E-05 2.43739E-03 3 3.4826E+10D =-6.22012E+03 0.9695
ol 1] . 5.46803E-10 1.30777E-05 ~1.05386E-02 9 3.9206E+12 5.73291E+02 0.99370
coz2 1.11953E-03 2.67755E-0% 1.08272E-02 18 1.8000E+12 5.65545E4+01 0.97460
N2 3.01836E-05 7 21385E~01 -1.21742E-06 11 7.8000E+11 1.43173E+02 1.600000
L] 3.69233E-14 352647E-10 2.56611E-07 12 1.1184E+11 ~1.72828E+04% 8.87858
CN 9.29669E-13 2 22346E-08 2.18022E-06 13 7.196GE+12 1.85560E+06 0.95721
CH2 1.42817E-03 3. 615715-04 1.51918E-02 14 1.9889E+15 3.15396E+05 0.99963
C3HS 83.33033E-07 1.99234£-02 ~5.16088E£-03 15 9.9719E+00 ~6.42463E+04 1.00000
AR 3.60260E-07 3.61621E-03 0.00000E+00 16 4.3614E+15 1.71340E+04 1.g0c00
17 2.8455E401 -8.12522E403 1.00000

13 1.5824E-01 ~1.66840E+82 1.00000

19 6.1428E+09 7.94984E-01 1.006000

20 3.1247E-05 2.59373E-07 1.00000

21 6.5453E+06 3.67170E+0] 0.90052

22 5.8727E+13 2.59561E+03 99164

23 2.1715E+11 4.61673E+04 1.900000

26 1.8236E+10 6.64142E+00 1.00000

25 6.0415E+10 5.75309E+02 1.00000

26 1.8763E+01 3.07515E-03 1.00000

27 1.5830E+06 1.643151E-15 1.00000

28 3.3000E+11 1.82629E-D1 1.000600

29 1.2500E+12 3.00505E-08 1.00000

30 2.8146E+06 2.99568E-01 1.00000

31 7.4613E+06 2.13812E+02 1.00000

32 3.4G43E+06 3.82643E+03 1.00000

33 2.5761E-07 1.60472€E-12 1.00000

34 5.7499E+05 1.65361E+04 1.00000

35 3.3505E+11 5.76115E+05 1.00000

36 2.1715E+11 4.61673E404 1.00000

DERIVATIVES (CGS UNITS): T 1.87387E+08 RHO 0.00000E+00
MIXTURE MOLECULAR WEIGHT 27.77552 =G.19411E+10 MASS FRACTION SUM 1.00000003

TOTAL ENERGY EXCHANGE RATE
C(CAL~CM¥%X3/Gx%2/SEC)

COMPUTER TIME (CPU) REQUIRED:

FOR THIS STEP -

NEGATIVE CONCENTRATION FOR SPECIES CO

8.666663E-01

S

UP TO THIS TIME - 8.666668E-01 S
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TIME

3.50000E~06 SEC

FLOW PROPERTIES

PRESSURE
(ATM)
VELOCITY
(CM/SEC)
SITY
(G/CMx%X3)
TEHPERATURE

DEG K)
MASS FLOW RATE
(G/SEC)

ENTROPY
(CAL/G/DEG X}

MACH NUMBER

GAMMA

ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/G/DEG K)

TABLE A.5

AREA

6.37810

0.00
1.16135E-03
1389.71
0.00000E+00
2.1179
0.0000
1.2609
3.91023E+02
3.40096E-01

.—Continued.

0.00000E+08 SQ CM

AXIAL POSITION

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL RUMBER OF STEPS
FUNCT EVALUATIQNS
JACOBIAN EVALUATIONS

CHEMICAL PROPERTIES

SPECIES CONCENTRATION MOLE FRACTION  NET SPECIES PRODUCTION REACTION  RATE CONST
(MOLES/CMxX3) RATE (MOLE/CMX%3/SEC) NUMBER CGS_ UNITS
0 .16265E-07 1.01201E-02 -1.816451E-01 1 5.1115E+11
H20 2.25224E-06 5.47555€E-02 8.826441E-02 2 2.3975E+12
QOH 2.88228E-07 7.00729E-03 -3.38176E~02 3 1.0790E+13
H 7.69813E-038 1.87154E-03 -3.78435E-02 4 6.1329E+13
g2 6.59377E-06 1.60305E-D1 1.86437E-02 5 3.8310E+13
H2 1.49682E-08 3.63900E-04 ~2.34895E-02 6 8.0000E+12
HO2 3.55038E-09 3.63153E-05 ~5.47249E-04 7 1.0078E+16
H202 3.08885E-1 7.50943E-06 =-6.48815E-05 & 1.0159E+11
Ccg ~3.59652E~-08 -8.764372E-04 -4.33519E-03 9 4.1682E+12
co2 5.136436E-08 1.24837E-03 .62006E-03 10 1.8000E+]12
N2 3.01833E-05 7.338035E-01 -1.16996E~04 11 7.8000E+11
NO §.47375E-11 1.08764E~06 5.63108E-05 12 7.8524E+11
CN 1.61437E~10 3.92479E-06 1.77681E-04 13 9.3639E+12
CH2 1.36053E-07 3.30766E-03 -19063E-02 14 1.9055E+15
C3H8 7.91175€E-07 1.92347E-02 ~2.51229€-02 15 3.9993E+02
AR 3.60260E-07 8.75849E-03 0.00000E+00D 16 5.7572E+15
17 1.7368E+03
18 2.1357E+01
19 6.4106E+09
20 6.6189E-03
21 5.0648E+07
22 6.1297E+13
23 2.18264E+]11
26 1.6628E+10
25 7.2285E+10
26 1.3643E+03
27 8.0530E+06
28 8.3000E+11
29 1.2500E+12
30 2.86426E+07
31 9.2428E+06
32 1.9936E+07
33 2.1075E-06
34 6 .8242E+05
35 3.4673E+11
36 2.1824E+11

DERIVATIVES (CGS UNITS): T

MIXTURE MOLECULAR WEIGHT

28.23417

2.23588E+0D

7 RHO

TOTAL ENERGY EXCHANGE RATE
CAL-CM%%3/06%%2/SEC)

68

COMPUTER TIME (CPU) REQUIRED:

FOR THIS STEP -

NEGATIVE CONCENTRATION FOR SPECIES H2
NEGATIVE CONCENTRATION FOR SPECIES CO

TIME

5.00000E~06 SEC

FLOW PROPERTIES
PRESSURE

TEMPERATURE
CDEG K)

MASS FLOW RATE
(G/SEC)
ENTROPY
(CAL/G/DEG K)

MACH NUMBER

GAMMA

ENTHALPY
(CAL/G)
P. HEAT (CP
(CAL/G/DEG K)

3.333282E-02 S

AREA

6.642873

0.00
1.16135E~03
1905.03
0.00000E+00
2.1205
0.8000
1.2608
3.92079E+02
3.40164E-01

0.00000E+00D
~1.06075E+10

UP TO THIS TIME ~

0.00000E+00 SQ CM

NET REACTION CONV RATE
(MOLE~CMxX3/G%%2/SEC)
7.4D454E+406

0.00000E+0C CM

5
06.18023E-06
5

206
2438
25

-2.30157E+05
-3.06954E+04
8.36789E+03
4.18851E+04
6.05258E+03
2.03640E+04
-7.48369E+02
2.79299E+02
1.41042E+01
1.37509E+01
~6.73236E+03
~-6.89926E+04
6.95112E+04
~5.36371E+03
3.67174E+03
~2.43455E+02
-2.37434E+02
-7.11586E+01
2.64378E-04
-3.47581E400
5.76218E+03

.11927E+01
.01396E-01
.19576E-08
.13550E+01

.65507E+01
.39417E+03
.86272E+04%

4
2
1
4
6.69363E-03
3
2
1
1
1

1.51702E+05

MASS FRACTION SUM

1.700000E+00 S

AXIAL POSITION

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

0.00000E+00 CM

32
0.30449E-07
4

263
3085
37

NET RATE/POSI-
TIVE DI% RATE

20340

1.00000002



CONCENTRATIDN
(MOLES/CMXX3)

3.03932E-07
2.36307E-06
2.46937E-07
4.20261E-03
6 .650563E-06

' -5.99808E-09

2.90661E-09

MOLE FRACTION

7.51191E-03

n

DERIVATIVES (CGS UNITS): T

MIXTURE MOLECULAR WEIGHT

28.23896

74598E-02

.134115-04
.33921E-01

£.75997E-03

TABLE A.5.—Concluded.

CHEMICAL PROPERTIES

NET SPECIES PRODUCTION REACTION
ATE (MOLE/CMx%3/SEC)

~-6.98532E-02

6.36814E-02
-2.19949E-02
~1.39248E-02
-8.75174E-04
-1,17148E-02
-3.34401E-04
-3.12076E-05

7.56509E-02
-2.73643E~-02
0.00000E+00

2.08524E+06 RHO

TOTAL ENERGY EXCHANGE RATE
C(CAL~CM¥*x3/Gx%2/SEC)

COMPUTER TIME (CPU) REQUIRED:

CLSENS)

(LSENS)

END OF THIS CASE

SUMMARY OF COMPUTATIONAL WORK REQUIRED FOR PROBLEM:

FOR THIS STEP -

TOTAL NO. OF STEPS -

TOTAL NO. OF DERIVATIVE EVALUATIONS -
TOTAL NO. OF JACOBIAN EVALUATIONS -
TOTAL CPU TIME -

TOTAL CPU TIME CINCLUDING I/0) REQUIRED =

READ DATA FOR NEXT CASE

3.999996E-01 S

243

305
37

2.133333 5

RATE CONST
NUMBER CGS_ UNITS
1 5.3165E+11
2 2.4832E+12
3 1. 1113E+13
q 4.1518E+13
5 3.8393E+13
6 3.0000E+12
7 1.0101E+14
3 1.0718E+11
9 4.1810E+12
10 1.8000E+12
11 7.3000E+11
12 8.656GE+11
13 9.4667E+12
14 1.9014E+15
15 1.1272E+03
16 3.7270E+15
17 2.1333E+03
18 2.7278E+01
19 6.6263E+09
20 8.3682E-03
21 5.6105E+07
22 6.1428E+13
23 2.1832E+11
26 1.6356E+1¢
25 7.2945E+10
26 1.6912E+03
27 8.7612E+86
28 3.3000E+11
29 1.2500€E+12
30 3.1912E+07
31 9.3G23E+06
32 2.1765E+07
33 2.3411E~-06
34 6 .8830E+05
35 3.4520E+11
36 2.1832E+11
06.00000E+00
~5.92238E+09

UP TO THIS TIME -

3.433335 S

NET REACTION CONV RATE
(MOLE-CM¥*X3/GX%%2/SEC)

8.05900E+04
-2.10116E+05
-8.80663E+04
5.76560E+03
2.56683E+06
6 _23605E+03
9.10169E+03
~3.26528€+02
1.79205E+02
9.00204E+0¢8
5.83201E+00
~3.79455E+03
=7.65536E+04
3.85206E+04
-2.48217E+03
1.47538E+03
~7.22141€+01
-1.29656E+02
-5.52770E401-
3.72139€E-09
-1.22859E+01
3.31713E+03
1.18169E+05
0.00000E+00
0.00000E+00
2.50003E-01
2.35807E-07
1.05017E+02
9.76520E-02
1.776416E+02
4.62268E+03
2.02894E+04
0.00000E+00
1.51986E+04
4.17478E+05
1.18169%9E+05

MASS FRACTION SUM

2.133333E+00 S

NET RATE/POSX-

TIVE D

1.

RATE
.280

1.00000

1.00000001

69



TABLE A.6.—COMPUTED RESULTS FOR TEST CASE 5 (PROPANE-AIR PSR PROBLEM USING ALL-GLOBAL REACTIONS)
%% DATA LINES %

1 2 3 4 5 6 7 8
CC 1236456785012345678901234567890123456789012345678901234567890123456789012364567890

%DBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
&rtypa global=.true.,gronly=.true., Send
H2e + [¢] > H2 + oz
1. 1. 4.90E+10 .18 ~510.
co + H20 > co2 + H2
1. 1. 1.30E+05 1.31 -7000.
co2 + H2 > co + H20
1. 1. %.91E+10 .19 3527.
N2 + 02 >2.0 NO
1. 1. 3.00E+14 .03 1000900,
2.0 KO > N2 + a2
2. 2.00E+11 0. 38000.
[o] +2.0 > NO + [ ]
1. 1. 8.30E+11 0. Q.
CN + NO > co + N2
1. 1. 1.25E+412 0. 0.
2.0 CH2 + 2 >2,0 CN +2.0 HZ
I. . 5.00E+13 ©. 54000.
CH2 + 2 > co + HZ0
1. .5 3.50E407 0. 5000.
02 + >3.0 CH2 +2.0 OH
1.6 .1 1.10E+1 g. 41000.
H2 + 02 >2.0 OH
1. 1. 1.00E+00 a. 49030.
C3H3 +2.0 > H20 + C3H8 + ]
.15 1. 1.98E+06 0. 4000.
OH + H2 + 02 > H20 + 1] + OH
1. 0. 1. 8.96E+12 -.1 1013.
~ BLANK LINE -~
AR
TIME C3H8
&prob walstr=.true., &end
&wsprob delmd= 10., dotmax= 1600., mpr=1, volume= 200., Zend
&start t= 800.,p=5.5,mdot= 100., &end
02 . 301
N2 .720502
C3HB .0773205
AR .0088765
END
FINIS . )
LEWIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEWIS RESEARCH CENTER
GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
%% GLOBAL REACTIONS Xxx
NUMBER REACTION
1 1.0%H20 +  1.0%0 > 1.0xH2 +  1.0%02
2 1.0%C0 + 1.0xH20 > 1.0%C02 + 1.0%xH2
3 1.0%C02 + 1,0%H2 > 1.0x%C0 + 1.0%H20
4 1.0%N2 +  1.0%02 > 2.0%ND
5 2.0x%NO > 1.0%N2 +  1.0%02
[ 1.0%CN + 2.0x%0 > 1.0%ND +  1.0%CO
7 1.0%CN +  1.0%NO > 1.0%C0 +  1.0x%N2
8 2.0%CH2 + 1.0%N2 > 2.0%CN + 2.0x%B2
9 1.0%CH2 + 1.0%02 > 1.0%C0 + 1.0%H20
10 1.0x02 + 1.0%C3H8 > 3.0%CH2 + 2.0%0H
11 1.0%H2 + 1.0%02 > 2.0%0H
12 1.0%C3H8 +  2.0%0H > 1.0%H20 + 1.0%C3HB +  1.0x0
13 1.0%0H + 1.0xH + 1.0%02 > 1.0%H20 + 1.0x%0 + 1.0%0H
REACTION REACTANT EXPONENTS REACTION RATE VARIABLES
NUMBER REXP 1 REXP 2 XP 3 N ACTIVATION
ENERGY
1 0.008 1.000 1.000 4.90000E+10 0.1300 -510.00
2 0.000 1.000 1.000 1.30000E+05 1.3100 -7000.00
3 0.000 1.000 1.000 4.461000E+10 0.1900 3527.00
4 0.008 1.000 1.000 3.00000E+14 0.0308 100000.00
5 0.000 0.000 2.000 2.00000E+11 8.0000 33000.00
6 0.000 1.000 1.000 8.30000E+11 0.0000 6.00
7 6.900 1.000 1.000 1.25000E+12 0.000¢0 e.00
3 0.000 1.000 1.000 5.00000E+13 0.0000 540980.00
9 0.008 1.000 9.500 3.50000E+07 8.0000 5800.00
10 0.000 1.600 8.100 1.10000E+12 0.0000 41000.00
11 0.000 1.000 1.000 1.00000E+00 0.0000 49080.00
12 0.000 6.150 1.000 1.98000E+06 0.0000 4000.00
13 1.008 0.000 1.a00 9.60000E+11 -9.1000 1613.00
%% NEW INPUT DATA GIVEN IN CGS UNITS x ¥% QUTPUT REQUIRED IN CGS UNITS %x

%x ASSIGNED VARIABLE PROFILE x

WELL - STIRRED REACTOR CASE

VOLUME OF REACTOR = 2.00000E+02 CMxx3
MASS FLOW RATE TO START ITERATION = 1.00000E+02 G/S



SPECIES

MIXTURE MOLECULAR HWEIGHT

SPECIES
H20

TIME

CONCENTRATION  MOLE FRACTION

(MOLES/CMXx3) RATE (MOLE/CM¥x3/SEC) NUMBER
0.00000E+00 0.00000E+00 0.00000E+00 1
0.00000E+00 0.00000E+00 0.00000E+00 2
0.90000E+00 0.D0000E+Q0 0.00000E+00 3
1.61956E-05 1.93301E-01 -4 .538335E-08 4
0.0000CE+00 0.00000E+00 0.00000E+00 5
0.0D000E+00 0.00000E+00 0.00000E+00 ]
.6.03667E-05 7.20502E~01 -1.72062E-22 7
0.93000E+00 0.00000E+00 3.64126E-22 8
0.90000E+00 0.00000E+00 0.00000E+0D 9
©0.0D00DE+00 0.00000E+00 1.36150E-07 10
6.47824E-06 7.73205E-02 -6.53333E-08 11
0.00000E+00 0.00000E+00 9.07666E~08 12
7.43711E-07 8.87650E-03 0.00000E+00 13

30.13325 TOTAL ENERGY EXCHANGE RATE

TIME

CONCENTR

7.86509

ASSIGNED MASS FLOW RATE PROBLEM:

0.0000DE+00 SEC

FLOW PROPERTIES
PRESSURE
(ATM)
VELOCITY
(CM/SEC)
DENSITY
(G/CMx%3)
TEMPERATURE
(DEG K)
MASS FLOR RATE
(G/SEC)
ENTROPY
(CAL/G/DEG K)
MACH NUMBER
GAMMA

ENTRALPY
(CAL/G)

SP. HEAT (CP)
(CAL/G/DEG K)

MAXIMUM

NUMBER OF REACTING SPECIES:

TABLE A.6.—Continued.

MASS FLOW RATE =

MASS FLOW RATE INCREMENT =
1.60000E+03 G/S

12

NUMBER OF INERT SPECIES: 1

%% INITIAL CONDITIONS

AREA

5.50000

0.00
2.526469E-03
800.00
1.00000E+02
1.8096
0.0000
1.2519
8.37665E+01
3.27783E~01

CHEMICAL PROPERTIES

NET_SPECIES PRODUCTION REACTION

(CAL-CM*XX3/GX%2/SEC)

CPU TIME FOR INITIALIZATION OF LSENS =
¥XEQUILIBRIUM CONDITIONS 3xx

0.00000E+D0 SEC

FLOW PROPERTIES
PRESSURE

(G/CMxX3)
TEMPERATURE
(DEG K)
MASS FLOW RATE
(G/SEC)

ENTROPY
(CAL/G/DEG K)
MACH NUMBER

GAMMA

ENTHALPY
(CAL/G)

HEA
(CAL/G/DEG K)

5.50000
8.00
7.86509E-04
2021.03
1.00000E+02
2.4443
0.0000
1.2820
3.37664E+01
3.80893E-01

NET SPECIES PRODUCTION REACTION

ATION  MOLE FRACTION

M3x%3 ) M0
=06 9.83430E-02 1.

E-12 3.22900E-08 G.
E-06 1.45043E~01 -1.
E-14 2.37151E-0% 7.
E-06 1.59223E-01 1.
E-07 2.33319E-02 ~1.
E-05 5.67039E-01 -1.
E-11 1.45834E-06 ~5.

E-16 2.37151E-09 2.

AREA

CHEMICAL PROPERTIES

LE/CMX%3/SEC)
59630E~-02
95289E-06
59373E-02
64769E-07

NUMBER
1

n
-l
[
o0
[
m
{
o
»n
-1 A LYY Y7

09245€E-10

xn

0.00000E+00 SQ CM

1.00000E+01 G/S

AXIAL POSITION

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

RATE CONST
CGS  UNITS
2.26495E+]11
6.7500E+10
1.7080E+10
1.7599€E-13

2.60156+11
0.90000E+00

0.500000 S

0.00000E+00 SQ CM

NET REACTION CONV RATE
(MOLE~-CMXXx3/G%%2/SEC)

0.00000E+00 CM

0
0.00000E+00
0

NET RAT
TIVE DI

0.00000E+00
0.00000E+00
0.00000E+00

2.69961E-17

0.00000E+00
0.00000E+00
0.00000E+00Q
0.00000E+00

0.08000E+00

MASS FRACTION SuM

AXIAL POSITION

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

RATE CONST
CGS  UNITS
2.1895E+11
1.5893E+10
7.7821E+10
5.7878E+03
1.5552E+07
&8.3000E+11
1.2500E+12
7.2365E+07
1.0078E+07

NET REACTION CONV RATE
(MOLE-CMX%3/6X%%2/SEC)
1.23633E+00

1.0000000

0.00000E+00 CM

0
0.00000E+00
0

NET RAT
TIVE DI

LG2519E+05

E/PCSI-
R RATE
0.00000
0.00000
0.00000
1.00000

0.00000
0

E/POSI-
R RATE
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TABLE A.6.—Continued.

CH2 7.86509E-146 2.37151E-09 -2.14286E~10 10 §.0527E+07 3.45965E-09 1
C3H8 7.86509E-1¢% 2.37151E-09 -2.14013E-15 11 4.9272E-06 3.01360E-13 1.
OH 7.22352E-10 2.17806E-05 ~1.14353E~05 12 7.3133E+05 9.26295E+00 1
AR 2.31686E-07 6.98537E-03 0.00000E+00 13 3.4847E+11 3.20048E~05 1

MIXTURE MOLECULAR WEIGHT 23.71507 TOTAL ENERGY EXCHANGE RATE 0.00000E+00 MASS FRACTION SUM 1.00000009

(CAL-CMx%3/GX%2/SEC)

COMPUTATIDNALI:;SRK REQUIRED FOR EQUIhélRIUH CALCULATION:

NO. OF ITE 666737E-D2 S
INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE =  2021. 03 K1
H20 4.16707E-03
0 1.36158E~09
H2 6.11629E~03
02 1.00000E-10
co 6.71402E-83
co2 9.83843E-04
N2 2.39105E-02
NO 6.14944E-08
CN 1.0G000E-10
CH2 1.00000E~10
C3H8 1.00000E-10
CH 9.18427E~07
AR 2 9657 5E~06

WELLSTIRRED REACTOR CALCULATIDN.... GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.50800 1.00000
TEMP. DEG K 300.000 18366.72 2.33340
ENTROPY CAL/GW/K 1.80955 2.32614 1.28548
DENSITY GM/CHx%3 2.52669E-03 9.22862E-04 0.356553
ENTHALPY CAL/GM 83.76653 83.7665 1.00000
SP. HEAT (CP) CAL/GH/K 3.27783E-01 3.82394E-01 1.16661
MOL. WT. OF M -1332 25.7019

GAMMA .2519 1.2534

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+0D 0.00000E+00 1.06379E-01 7.65666E-02
"] 0.00000E+00 0.00000E+00 1.52775E-04 9.51022E-05
H2 0.00060E+00 0.00000E+00 8.14109E-02 6.38507E-03
02 1.93301E-01 2.05263E-01 2.62297E-02 3.26560E-02
co 0.00000E+00 0.000C0E+00 1.06123E-01 1.15661E-01
co2 0.00000E+00 0.00000E+00 3.20966E-02 5.49597E~02
N2 7.20502E-01 6.69815E-01 6.14077E-01 6.69305E-01
NO 0.00000E+00 0.0D000E+CO 1.00021E-04 1.16771E-04
CN 0.00000E+00 0.00000E+00 8.36062E-04 8.46336E-06¢
CH2 0.00000E+00 0.00B00E+00 7. 63022E 03 4.16420E-03
C3H8 7.23205E-02 1.13149E~01 1.70527E-02 2.925790E-02
OH 0.00000E+00 0.00000E+00 3.35137E-04 2.21765E~04
AR 8.37650E-03 1.17677E-02 7.57112E-03 1.17677E~-02

VOLUME 200.000 CMxx3 MASS FLD 100.000 GM/SEC
MDOT/VOLUME = 0.50000 RESIDENCE TIME = 1.866 MSEC  ITERATIONS = 16
WELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATHM 5.50000 5.50000 1.60000
TEMP. DES X 300.000 13 40.61 2.30077
ENTROPY CAL/GM/X 1.80955 2.3 1.28023
DENSITY GM/CMxx3 2.52669E-03 9.59340E—04 0.37206
ENTHALPY CAL/GM 83.7665 83.7665 1.008000
SP. HEAT (CP) CAL/GM/K 3.27783E-01 3.81967E-01 1.16530
MOL. WT. OF MIXT 30.1332 25.7948

GAMMA 1.2519 1.2526

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00D 0.00000E+00 1.03756E-01 7.26638E-02
0 0.00000E+00 0.00000E+00 1.36020E-04 1.15380E~-06
H2 0.0DD00E+00 0.00000E+00 7.98767E-02 6.26216E-03
02 1.93301E-01 2.05263E-01 2.96722E-02 3.68087E-02
co 0.00000E+0D 0.00000E+00 1.03451E-01 1.12336E-01
co2 D. DDDUDE+00 0.00000E+00 3.18636E-02 5. 436605 02
N2 7.20502E-01 6.69815E-01 6.16617€-01 6.69433E-01
KO 0. OOUDBE+00 0.00000E+00 1.20874E~04 1.60607E-06
CN 0.D0BODE+00 0.00000E+00 5.82636E-04 5.87670E-04
CH2 D.00000E+0D 0.00000E+00 7.86543€E-03 4.26621E-03
C3H8 7.73205E-02 1.13149E-01 1.82743E-02 3.12398E-02
OH 0.00000E+00 0.00000E+00 3.55798E~04 2 34588E~04
AR 8.87650E-03 1.17677E-02 7.59852E-03 .17677E-02

VOLUME 200.000 CMxxX3 MASS FLO 110.000 GM/SEC
MDOT/VOLUME = 0.55000 RESIDENCE TIME = 1.708 MSEC  ITERATIONS = 3
HELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.50000 1.00000
TEMP, DEG K 300,000 1310.12 2.26265
ENTROPY CAL/GM/K 1.80955 2.30522 1.27392
DENSITY GM/CMXX3 2.52469E-03 9.59338E-04 0.37998
ENTHALPY CAL/GM 83.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GW/K 3.27783E-01 3.81447E-01 1.16372
MOL. WT. OF MIXT 30.1332 25.9876

GAMMA 1.2519 1.2517
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TABLE A.6.—Continued.

SPECIES MOLE FRACT . MASS FRACT MOLE FRACY MASS FRACT
Hz20 0.00000E+00 0.00000E+00 1.0062%E-01 6.99736E~02
0 0.00000E+00 0.00000E+00 2.25408E-D4 .59202E~04
H2 0.00000E+DD 0.00000E+00 7.80868E-02 6.07572E~03
02 1.93301E-01 2.05268E-01 3.38253E-02 4.17780E-02
Co 0.00000E+00 0.00000E+00 1.0D0260E-01 1.03397E-01
€02 0.00000E+00 0.00000E+00 3.15536E-02 5.36008E-02
N2 7.20502E~01 6.69815E-01 6.19200E-01 6. 29E-01
NO 0.00000E+00 0.000005+00 1.644619E-04 1.676497€~04
CN 0.00000E+00 0.D000CE+00 3.84734E-04 3.86369E-04
CHe 0.00000E+00 0.00000E+0D 7.91299E-03 %.28422E-03
C3H8 7.73205E-02 1.13169E-01 1.97741E-02 3.36566E-02
DH 0.00000E+00 0.00000E+00 3.71866E-04 2.64115E-04
AR 8.87650E-03 1.17677E-02 7.63173E-03 1.17677E-02

VOLUME 200.000 CMxx3 MASS FLO 120.000 GM/SEC
MDOT/VOLUME = 0.60000 RESIDENCE TIME = 1.599 MSEC  ITERATIONS = 3
WELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: ALL GLOBAL REACYIONS; NEW CASE CASE 5
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO
PRESSURE ATM 5,.50000 5.50000 1.00000
TEMP. DEG K $00.000 1771.71 2.21464
ENTROPY CAL/GMW/K 1.80955 2.29023 1.26564
DENSITY GM/CHMxX3 2.52469E-03 9.85816E-04 0.39047
ENTHALPY CAL/GM 83.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GM/X 3.27783E-01 3.80763E-01 1.16163
MOL. WT. OF MIXT 3D0.1332 26.0577
GAMMA 1.2519 1.2504

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00 0.00000E+00 9.65660E-02 6.67616E-02
0 0.00DOOE+0D 0.00000E+00 2.76493E-04 1.68538E~04
H2 0.000006E+0D 0.00000E+00 7.57757E~02 5.86193E~03
02 1.93301E-01 2.05268E-01 5.92916E~02 4.82499E-02
co 0.00000E+00 0.00000E+00 9. 01E-02 1.03323E~-01
co2 0.00000E+00D 0.80000E+00 3.11090E~02 5.25411E-02
N2 7.20502E-01 6.69815E-01 €.22854E-01 6.6%2600E-01
NO 0.0C000E+00 0.00000E+00 1.71863E-04 1.97881E-04
CN 0.00000E+0D 0.00000E+00 2.29289€-04 2.28936E-04
CH2 0.80000E+00 0.00000E+00 7.76221€-03 4.17838E-03
C3Hs 7.73205E-02 1.13149E-01 2.17894E-02 3.63731E-02
oH 0.00000E+00 0.00000E+00 3.80663E-04 2.648650E-04
AR 8.87650E-03 1.17677E-02 7.67596E-03 1.17677E-02

VOLUME 200.000 CMxx3 MASS FLO 150.000 GM/SEC
MPOT/VOLUME = 0.65000  RESIDENCE TIME = 1.517 MSEC  ITERATIONS = ¢
HWELLSTIRRED REACTOR CALCULATION.... GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE CASE 5
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO
PRESSURE ATM 5.50000 5.50000 1.00000
T . PEG K 800.000 1705.10 2.13138
ENTROPY CAL/GM/K 1.80955 2.26265 1.25039
DENSITY GM/CMxx3 2.526469E-03 1. 055405-03 0.41011
ENTHA CAL/GM 83.7665 83.7 1.00000
SP. MEAT {CP) CAL/GM/K 3.27783E-01 3. 796795-01 1.15771
MOL. WT. DF MIXT 30.1332 26.3395
GAMMA 1.2519 1.2481

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00 0.00000E+00 8.91865E-02 6.10001E-02
0 0.00000E+00 0.06000E+0D 3.51692E-04 2.13628E-04
HZ 0.00000E+00 0.00000E+00 7.15417E-02 5.47518E-03
02 1.93301E-01 2.05268E-01 4.93907E-02 6.00026E-02
co 0.00000E+00 0.00000E+00 8.86313E-02 9.42537E-02
cg2 0.00000E+00 0.00000E+00 3.02031E-02 5.064653E-02
N2 7.20502E-01 6.69815E-01 6.29643E-01 €.69657E-01
NO 0.00000E+00 0.00000E+00 2.03736E-04 2.32097E-04
CH 0.00000E+00 0.00000E+00 9.40160E-05 9.28673E-05
CH2 0.90000E+00 0.0000DE+00 7.02625€E-03 3.76068E-03
C3H8 7.73205E-02 1.13149E-01 2.56018E-02 6.28611E-02
OH 0.00000E+00 0.00000E+00 3.68789E-0¢ 2.38125E-04
AR 8.87650E-03 1.17677E-82 7.75897E-03 1.17677E-02

VOLUWE 200.000 CMxx3 MASS FLO  140.000 GM/SEC
MDOT/VOLUME = D.70000  RESIDENCE TIME = 1.479 MSEC  ITERATIONS = S
CHSR) %x%x IN COMPUTING CONV. NO. 6, MASS FRACTION SUM = 1.330035E+00 ON ITERATION NCG. 17 %%x
TEMPERATURE = 1.12164E+03 K, MASS FLON RATE = 1.50000E+02 G/S
(WSR) %x RESTART: MASS FLOW RATE = 2.3000BE+02 6/S, TEMPERATURE = 1.70510E+03 K x
CHSR) xx% IN COMPUTING CONV. NO. 6, MASS FRACTION SUM = 1.23801E+00 ON ITERATION NO. 1 %%x

TEMPERATURE = 1.264041E+03 K, MASS FLON RATE = 2.80000E+02 G/S
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(HWSR)

(HSR)
WSR)

“HSR)

{HSR)

LSENS)

TABLE A.6.—Concluded.

¥%x RESTART: MASS FLOW RATE = 5.60000E+02 G/S. TEMPERATURE = 1.70510E#03 K %x

xxx IN COMPUTING CONV. NO. 6, MASS FRACTION SUM = 1.401B4E+00 ON ITERATION NO. 1 exx
TEMPERATURE = 1.151830E+03 K, MASS FLOW RATE = 5.60000E+02 G/S
%% RESTART: MASS FLOW RATE = 1.12000E+03 G/S, TEMPERATURE = 1.70510E+03 K xx

xxx IN COMPUTING CONV. NO. 6, MASS FRACTION SUM = 1.40026E+00 ON ITERATION NO. 1 exx
TEMPERATURE = 1.14817E+03 K, MASS FLOW RATE = 1.12000E+03 G/S

%%x ABOVE PROBLEM ENCOUNTERED 4 TIMES o
PSR SOLUTION ABANDONED

A FATAL ERROR HAS OCCURRED - CASE TERMINATED



TABLE A.7.—COMPUTED RESULTS FOR TEST CASE 6 (PROPANE-AIR PSR CASE
WITH GLOBAL REACTION MECHANISM MODIFIED FROM CASE 5)

% DATA LINES x
1 2 3 4 5 6 7 -3
CC 12365678901234567850123456789012345678901234567890123456789012345678901234567890
Cakhsglﬂﬁﬂl REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION CASE 6

&rtype global=.true.,gronly=.true., glchng=.true.,
gladd = ﬁtru... :rpre‘62= .false., &snd

>2.0 NO
1. 1. 4 .00E+146 .03 100000.
~ BLANK LINE ~
ADD
H20 + 4] > H2 + 02
1. 1. G.90E+10 .18 -510.
END
AR
TIME C3H8
&prob &end
&wsprob
delmd= 200., dotmax= 1500.,mpr=2,
volume=2500. ., en
&start t= 300.,p=5.5,mdot= 100., - &end
02 .193301
N2 .720502
C3H8 .0773205
AR .0088765
END
FINIS
LEWIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEKIS RESEARCH CENTER
ALL GLOBAL REACTIONS —- CHANGE AND ADD ONE GLOBAL REACTION CASE 6
%¥%% GLOBAL REACTIONS ex
NUMBER REACTION
1 1.0%H20 + 1.0%0 > 1.0%H2 +  1.0%02
2 1.0%CO +  1.0%H20 > 1.0%C02 +  1.0%H2
3 1.0%C02 +  1,0%H2 > 1.0xC0 +  1.0xH20
[ 1.0%N2 + 1.0%02 > 2.0%NO
5 2.0xNC > 1.8%N2 + 1,0%02
é 1.0XCH +  2.0x0 > 1.0%ND + 1.0%CO
7 1.0%CN +  1.0%NC > 1.0%C0 +  1.0xN2
8 2.0%XCH2 +  1.0%N2 > 2.0%CN +  2.0%H2
9 1.0%CH2 +  1.0%02 > 1.0%C0 +  1.0%H20
10 1.0x02 + 1.0%C3H8 > 3.0%CH2 +  2.0%0H
11 1.0%H2 + 1.0x%02 > 2.0X%0H
12 1.0%C3H8 + 2.0%0H > 1.0xH20 +  1.0%C3HZ +  1.0%0
13 1.0%0H + 1.0%H2 + 1.0%02 > 1.0xH20 + 1.0xp + 1.0%0H
14 1.0xH20 + 1.0x0 > 1.0%H2 +  1.0%02
REACTICN REACTANT EXPONENTS REACTION RATE VARIABLES
NUMBER REXP 1 REXP 2 REXP 3 A N ACE%EQE!ON
Y
1 9.008 1.000 1.000 4.90000E+18 0.1800 -510.00
4 0.000 1.000 1.000 1.30000E+05 1.3100 -7000.08
3 0.000 1.000 1.000 4.461000E+10 0.1960 3527.00
4 0.000 1.000 1.000 4.00000E+14 8.0308 100000.00
5 0.080 8.000 2.000 2.00000E+11 D.oeoo 38000.90
6 0.000 1.000 1.000 8.30800E+11 0.0000 6.00
7. a.000 1.900 1.000 1.25000E+12 0.0000 6.00
8 0.000 1.000 1.000 5.00000E+13 0.0000 54000.00
9 0.000 1.000 0.500 3.50000E+07 0.0000 5000.00
10 0.000 1.6900 0.100 1.10000E£+12 0.0000 41000.00
11 0.000 1.000 1.000 1.00000E+00 4.0000 49080.00
12 0.000 8.150 1.000 1.93C00E+06 0.0000 4000.00
13 1.08800 0.000 1.000 9.60D00E+11 ~0.1000 1013.00
14 0.000 1.000 1.000 4$.90000E+10 0.180¢0 -518.00
%% NEW INPUT DATA GIVEN IN CGS UNITS xx %% OUTPUT REQUIRED IN CGS UNITS %x

¥X ASSIGNED VARIABLE PROFILE
HWELL - STIRRED REACTOR CASE

VOLUME OF REACTOR = 2.50000E+03 CMx%3
MASS FLOW RATE TO START ITERATION = 1.00000E+82 G/S

ASSIGNED MASS FLOW RATE PROBLEM: MASS FLOW RATE INCREMENY = 2.00000E+82 G/S
MAXIMUM MASS FLOW RATE = 1.50000£403 G6/5

NUMBER OF REACTING SPECIES: 12

NUMBER OF INERT SPECIES: 1
¥% INITIAL CONDITIONS X%



TIME

0.00000E+00 SEC

FLOW PROPERTIES
PRESSURE

(G/CM¥x3)
TEMPERATURE
(DEG K)
MASS FLOH RATE
(G/SEC)
ERTROPY
(CAL/G/DEG K)
MACH NUMBER

GAMMA
ENTHALPY

(CAL/G/DEG K)

TABLE A.7.—Continued.

AREA 0.00000E+0D SQ

5.50000
0.00
2.52469E~03
300.00
1.00000E+02
1.8096
0.0000
1.2519
8.37665E+01
3.27783E-01

CHEMICAL PROPERTIES

NET_SPECIES PRODUCTION REACTION
RATE (

NUMBER

cM AXIAL POSITION

INTEGRATION INDICATORS
STEPS FROM LASY PRINT
AVERAGE STEP SIZE
METHOD ORDER

TDTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

0.00000E+00 CM

[
0.00000E+00
[:}

SPECIES CDNCENTRATION MOLE FRACTION
(MOLES/CMxX3
H20 0. 00000E+00 0.90000E+DO
o 0.00000E+00 0.08000E+00D
H2 0.00000E+0D 0.0000CE+0D
02 1.61956E-05 1.93301E-01
Co 0.00000E+00 0.00000E+0D
€02 0.00000E+00 0.90000E+00
N2 6.03667E-05 7.20502€E-01
NO 0.00000E+00 0.00000E+00
CN 0.00000E+00 0.0000CE+0D
CH2 0.00000E+00 0.80D000E+0C
C3HS 6.47824E-06 7.73205E-02
CH 0.0000DE+00 0.0000CE+00
AR 7.643711E-07 8.87650E-03

MIXTURE MOLECULAR WEIGHT

MOLE/CHMxx3/SEC)
E+00

D.0000QE+00
0.00000E+00

~2.29616E-22

4.58832E-22
0.00000E+00
1.36150E-07

-6.53833E-08

9.07666E-08
0.00000E+00

PUN OO0 AL D NN =

Vot o ot 4

TIME

30.13325

TOTAL ENERGY EXCHANGE RATE
C(CAL-CM¥XX%3/GXX%2/SEC)

CPU TIME FOR INITIALIZATION OF LSENS =
T X%EQUILIBRIUM CONDITIONS Xx

0.00000E+06 SEC

FLOH PROPERTIES

PRESSURE
(ATM)
VELOCITY

TEMPERATURE
(DEG_K)

MASS FLOH RATE
(G/SEC)

ENTROPY
(CAL/G/DEG K)

MACH NUMBER

GAMMA

ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/G/DEG K3

AREA  0.B00CDE+00 SQ

5.50000
g.00
7.86509E-04
2021.03
1.00000E+02
2.64463
0.8000
1.2820
8.37664E+01
3.30893E-01

RATE CONST  NET REACTION CONV RATE  NET RATE/PDSI-
CG6S  UNITS (MDLE-CM%X3/5%x2/SEC) TIVE D ATE
2.2495E+11 0.00000E+00 0.
6.7500E+10 0.00000E+00 0.ﬂ0000
1.7080E+10 0.00000E+00 0.00000
2.3465E-13 3.59921E-17 1.00000
8.3160E+00 0.00000E+0D 9.00000
8.3000E+11 0.00000E+0Q0 0.00000
1.2500E+12 0.000C0E+0D 0.00000
3.8483E-02 0.00000E+0D 0.00000
1.5071E+06 0.00000E+00 g0.00000
6.9297E+00 7.11999E-03 1.80000
3.9081E-14 0.00000E+00 0.00089
1.5992E+05 0.00000E+08C 0.00000
2.6015E+]11 0.00000E+00 0.00000
2.2695E+11 0.0000CE+00 0.00000
0.00000E+00 MASS FRACTION SUM 1.00000000

0.150000 S

cM AXIAL POSITION

INTEGRATION INDICATORS
STEPS FROM LAST PRINT
AVERAGE STEP SIZE
METHOD ORDER

TOTAL NUMBER OF STEPS
FUNCT EVALUATIONS
JACOBIAN EVALUATIONS

0.00Q000E+00 CM

0
0.00000E+00
4

SPECIES CONCENTRATION
(MOLES/CM%x3}
H20 3.26171E-06
0 .07090E-12
H2 4.81052E-06
02 7.86509E-14
co 5.28064E-06
€02 7.73802E-07
N2 1.88058E-05
NO 4.83659€E-11
CN 7.86509E-14
CH2 7.86509E-14
C3H8 7.86509E-14
CH 7.22352E~10
AR 2.31686E-07
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MIXTURE MOLECULAR KEIGHT

MOLE FRACTION

9.83480E-02
3.22900E-08
-45048E-01
.37151E-09

NN NN TN N
&
w
(2]
w
o
m
]
-4
N

.98587E-03

23.71507

CHEMICAL PROPERTIES

OLE/CMxXx3/SEC)
1.59423E-02
4.18810E-06

~1.59365E-02

1.52956E-06
1.59381E~-02

-1.59381E-02

0.00000E+00

NET _SPECIES PRODUCTION REACTION
RATE (MO

NUMBER

-

[
AN DN D NN

[

14

TOTAL ENERGY EXCHANGE RATE
C(CAL-CM%%3/GX%2/SEC)

RATE CONST  NET REACTION CONV RATE
CGS UNITS  (MOLE-CM%X3/GXx%2/5EC)
2.1895E+11 1.23633E+00
1.5893E+10 4.G2519E+05
7.7821E+10 4.68284GE+05
7.7170E+03 1.86517E-08
1.5552E+07 5.88118E-08
&.3000E+12 1.13011E-07
1.2500E+12 7.63680E-06
7.2365E+07 1.73029E-04
1.0078E+07 3.59358E-07
4,0527E+07 3.45965E-09
4.9272E-06 3.01360E-18
7.3133E+05 9.24295E+00
3.6867E+11 3.20048E-05
2.1895E+11 1.23633E+00

0.00000E+00

MASS FRACTION SUM

NET RATE/POSI-
TIVE DIR RATE
1.00000

1.00000009



TABLE A.7.—Continued.

ﬁgHPUTATIDNAL KORK REQUI%ED Fog EQUILIBRIUN CALCULATION:

. OF ITERATIONS = TIME = 1.6666G1E-02 S

INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE = 2021.03 K:

H20 4.14707E-03

o 1.36158E-09

H2 6.11629E-03

02 1.00000E-10

co 6.71602E-03

co2 9.83843E-04

N2 2.39105E-02

NO 6.14944E-08

CN 1.00000E-10

CH2 1.00000E-10

C3H38 1.00000E-10

OH 9.18627E-07

AR 2.94575E-04
WELLSTIRRED REACTOR CALCULATION.... ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION CASE 6

INITIAL STATE FINAL STATE FINAL/INITIAL RATIQ

PRESSURE ATHM 5.50000 5.50000 1.00000

DEG K 800.000 1934.60 2.41824
ENTRDPY CAL/GM/K 1.80955 2.38309 1.31695
DENSITY GM/CMxXX3 2.52469E-03 8. 59037E-04 8.34027
ENTHALPY CAL/GM 83.7665 1.60000
SP. HEAT (CP) CAL/GWK 3.27783E-01 3. 81218E—01 1.16302
MOL. WT. OF MIXT 30.1332 4 .7956
GAMMA 1.2519 1 2662

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
HzO 0.00000E+00 0.00009E+00 1.22126E-01 8.87304E-02
0 0.0Q000E+00 0.00000E+00 1.84123E~06 1.18805E-06
H2 0.00000E+00 ¢.00000E+00 1.02900E-01 8.36539E-03
02 1.93301E-01 2.05268E-01 5.22641E-03 6.74211E-03
co 0.00000E+00 0.90000E+00 1.2213%E-01 1.37969E-01
coz 0.00000E+00 0.00009E+00 3.16861E-02 5.62397E-02
N2 7.20502E-01 6.69815E-01 5.85567E-01 6.61553E-01
NO 0.00000E+00 0.00000E+00 1.22333E-06 1.48060E-06
CN 0.00000E+00 0.00000E+00 1.46165E-02 1.53369€E~-02
CH2 0.00000E+0D 0.00000E+0C0 1.38415E-03 7.83007E-04
C3H8 7.73205E-02 1.13249E-01 7.01732E-03 -24795E-02
OH 0.00000E+00 0.00000E+00 3.69903E-05 2.53717E-05
AR 8.87650E-03 1.17677E-02 7.30416E-03 1.17677E-02
VOLUME 2500.00 CMxx3 MASS FLO 100.000 GM/SEC

MDOT/VOLUME = 0.04600 RESIDENCE TIME = 21.477 MSEC  ITERATIONS = 14

{KSR) %%% FOR CONV. NO. 2, CONVERGED TEMP. (AFTER 5 ITERATIONS) IS GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. xx
MASS FLOW RATE = 3.00000E+02 G-S, TEMPERATURE = 1.94931E+03 K, PREVIOUS TEMPERATURE = 1.93468E+03 K

(WSR) ¥x RESTART: MASS FLOW RATE = 2.00000E+02 G/S, TEMPERATURE = 2.02103E+03 K XX

{HSR) XXX FOR CONV. NO. 1, CONVERGED TEMP. (AFTER 13 ITERATIONS) IS GREATER THAN OR EQUAL 70 THE PREVIOUS TEMP. xx%
MASS FLOW RATE = 2.00000E+02 G/S, TEMPERATURE = 1.94694E+03 K, PREVIOUS TEMPERATURE = 1.936460E+03 K

{HSR) %% RESTART: MASS FLOW RATE = 4.00000E+02 G/S, TEMPERATURE = 2.02103E+03 K *x

{HSR) %x% FOR CONV. NO. 1, CONVERGED TEMP. (AFTER 13 ITERATIONS) IS OREATER THAN OR EQUAL TO THE PREVIOUS TEMP. %X
MASS FLOW RATE = 4.00000E+02 G/S, TEMPERATURE = 1.964721E+03 K, PREVIOUS TEMPERATURE = 1.93460E+03 K

(HSR) X% RESTART: MASS FLOW RATE = 8.00000E+02 G/S, TEMPERATURE = 2.02103E+03 K Xxx

NELLSTIRRED REACTOR CALCULATION.... ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION CASE 6
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.50000 1.00000
TEMP. DEG K 800.000 1916.92 2.39616
ENTROPY CAL/6MW/K 1.80955 2.34918 1.29821
DENSITY BM/CMXX3 2.52469E-03 8.38948E-04 0.35210
ENTHALPY CAL/GM 83.7665 . 1.900000
SP. HEAT (CP) CAL/GM/K 3.27783E-01 3.82830E-01 1.16796
MOL. WT. OF MIXT 30.1332 25.4231

GAMMA 1.2519 1.2566

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00 0.00000E+00 1.12731E-01 7.98830E~02
0 0.00800E+00 0.00000E+00 3.61974E-05 2.27799E-05
H2 0.00000E+0D 0.D000OE+00 8.72016E-02 6.91622E-03
02 1.93301E-01 2.05263E-01 1.79598E-02 2.26050E-02
co 0.00000E+00 0.00000E+00 1.12675E-01 1.264162E-01
€02 0.00000E+0D 0.00080E+0D 3.22747E-02 5.58705E-02
N2 7.20502E-81 6.69815E-01 6.06071E-D1 6.67822E~01
NO 0.00000E+00 0.00000E+00 2.39898E-05 2.83164E-05
CN 0.00000E+00 0.00000DE+00 3.59355E~03 3.67759E-03
CH2 0.00000E+00 0.00000E+00 5.97986E-03 3.29930E-03
C3H8 7.73205E~-02 1.131649E-01 1.37263E~02 2.3809DE-02
OH 0.00000E+00 0.00000E+00 2.36778E-04 1.58398E-04
AR 3.87650E-03 1.17677E-02 7.48901E~-03 1.17677E-02
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TABLE A.7.—Concluded.

VOLUME 2500.00 CMxx3 MASS FLO 300.000 GM/SEC

MDOT/VOLUME = 0.32000 RESIDENCE TIME = 2.778 MSEC  ITERATIONS = 15
WELLSTIRRED REACTOR CALCULATION.... ALl GLOBAL REACTIONS ~ CHANGE AND ADD ONE GLOBAL REACTIGN CASE 6
INITIAL STATE FINAL STATE FINALZINITIAL RATIO

PRESSURE ATH 5.50000 5.50000 1.00000
TEM DEG X 300.0090 1825.55 2.28194
ENTROPY CAL/GMW/K 1.80955 2.31250 1.27794
DENSITY GM/CMXx3 2.52669€E-03 9. 480455 04 0.37551
ENTHALPY CAL/GM 83.7665 83.7 1.g80000
SP. HEAT (CP) CAL/GM/K 3.27783E-01 3. 816225 g1 1.16425
MOL. WY. OF MIXT 30.1332 25.8208

GAMMA 1.2519 1.2526

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
R20 0.00000E+00 0.00000E+00 1.82509E-01 7.152085E-02
4] 0.00000E+0C 0.00000E+00 9.,95728E-05 6.1698G6E-05
H2 0.00000E+00 0.00000E+00 7.97738E-D2 6.22736E-03
02 1.93301E-01 2.052638E-01 3.13087E-02 3.87997E-02
co 0.00000E+00 0.00000E+00 1.02365€E-01 1 11024E-01
co2 0.00000E+00 0.00000E+0D 3.16403€E-02 5.39286E-02
N2 7.20502E-01 6.69815E-01 6.16901E-01 6.69284E~01
NO 0.00000E+00 0.00008E+00 6.52160E-05 7.57863E-05
CN 0.00000E+00 0.00000E+0D 9.13986E-04 9.20954E-04
CH2 0.00000E+00 0.00000E+0D 7.78644E-03 4.22987E-03
C3H8 7.73205E-02 1.13149E~01 1.86930E-02 3.19235E-02
OH 0.00000E+00 0.00000E+00 3.57854E-04 2.35706E-04
AR 8.87650E-03 1.17677E-02 7.60617E-03 1.17677€-02

VOLUME 2500.00 CMxx3 MASS FLO  1400.00 GM/SEC
MDOT/VOLUME = 0.56000 RESIDENCE TIME = 1.693 MSEC  ITERATIONS = 3
MELLSTIRRED REACTOR CALCULATION.... ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION CASE 6
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.50000 1.00000
TEMP DEG K 200.000 1802.65 2.25332
ENTROPY CAL/GM/K 1.80955 2.30347 1.27295
DENSITY GM/CMxx3 2.52669E-03 9.63525E-04 0.38164
ENTHALPY CAL/GM 83.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GM/K 3.27783E-01 3.81266E-01 1.16310
MOL. WT. OF MIXT 30.1332 25.9133

GAMMA 1.2519 1.2518

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00 0.00000E+00 1.00036E-01 6.95461E-02
0 0.00000E+00 0.80C0DE+QD 1.15417E~04 7.12606E-05
H2 0.00000E+00 0.0000DE+Q0 7.82734E-02 6.08890E-03
02 1.93301E-01 2.05268E-01 3.46098E-02 4.27376€E-02
co 0.00000E+00 0.80000E+0D 9.983466E-02 1.07927€E-01
coz2 0.00000E+00 0.0000BE+00 3.13991E-02 5.33265E-02
N2 7.20502E-01 6.69815E~01 6.19230E-01 6.69414E-01
NO 0.00000E+00 0.00000DE+00 7.51465E~05 8.70153E-05
CN 0.00000E+00 0.0000CE+00 6.66980E~04 6.69667E-04%
CH2 0.00000E+00 0.00000E+00 7.83380E-03 6.26061E-03
C3H8 7.73205E-02 1.13169€E-01 1.99102E-02 3.38809E-02
OH 0.00000E+00 0.00000E+00 3.70383E-04 2.43088E-04
AR 8.87650E-D3 1.17677E-02 7.63361E-03 1.17677E-02

VOLUME 2500.00 CM¥xx3 MASS FLO  1500.00 GM/SEC
MDOT/VOLUME = 8.60000 RESIDENCE TIME = 1.606 MSEC  ITERATIONS = 3

COMPUTATIONAL WORK REQUIRED FDR PSR CALCULATION:
NO. OF ITERATIONS = = 8.666663E-01 S

{LSENS) END OF THIS CASE

TOTAL CPU TIME (INCLUDING 1-/0) REQUIRED = 1.050000 S

(LSENS) READ DATA FOR NEXT CASE



REACTION
NUMBER

ORI NN -

ND
FINIS
LEWIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEKWIS
GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7
REACTION gEACTIDN RATE VAR#ABLES
1%0 + 1%H20 = 2%0R 6 .80000E+13 0.0000
IxH +  1%02 = 1%0H + 1%0 1.89000E+16 0.0000
1x0 + 1xH2 = 1%0H + 1%H 6.20000E+14 0.0000
1x8 + 1xHO2 = 1%H2 + 1%02 7 .28000E+13 0.0000
1%0 +  13%HO2 = 1%0H + 1%02 5.00000E+13 0.0000
1%H02 + 1%0H = 1%H20 + 1%02 3.00000E+12 0.0030
xH +  1XHO2 = 2%0H 1.36000E+14 0.92000
1xH2 +  1%HO02 = 1%H202 + 13%H 7.91000E+13 0.0000
1%0H +  1xH202 = 1%H20 + 1%H02 6.10000E+12 0.0000
2%H02 = 1%xH202 + 1%02 1.80000E+12 0.0000
1xH +  1%H202 = X0H + 1xH20 7.830000E+11 8.0000
M +  1%H202 = 2%0gH 1.44900E+17 0.0000
1%H2 + 1%0H = 1%H20 + 1xK %.74000E+13 0.0000
1xH + 1%02 = 1%H02 + L) 1.46000E+15 0.00800
M + 1xH20 = xH + 1%0H 1.30000E+15 0.0000
1xH + 1%0 = 1%0H + M 7.10080E+128 ~1.0000
M + IxH2 = 2%H 2.20000E+14 0.0000
) +  1%02 = 2%0 1.80000E+]8 -1.0000
1%CD + x0 > 1%C02 3.43000E+09 ~0.0010
1%C02 > 1%C0o + 1%0 9.08000E+18 -1.8400
ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLOWING
12) = 2.30000 M(02 » 12) = 0.78800 M(H20 » 12) = 6.00000 M(H202 » 12)
14) = 1.30000 MIN2 » 14) = 1.30000 M(H20 » 16) = 21.30000 M(H2 » 16)
15) = 4.90000 M(02 » 15) = "1.50000 M(H20 » 15) = 20.00080 M{N2 s 15)
17) = 4.10800 Mco2 » 17) = 2.00000 M(H20 » 17) = 15.00000 M(N2Z > 172
¥xX GLOBAL REACTIONS axx
REACTION

1.0xH20 +  1.0%0 > 1.0%H2 +  1.0x02

1.0%C0 +  1.0x%H20 > 1.0%C02 +  1.0%H2

1.0%C02 +  1,.0x%H2 > 1.0%C0 +  1.0%H20

1.0%N2 +  1.0%02 > 2.0X%NO
2.0%Na > 1.0%N2 +  1.0%02
1.0%CN + .0%0 > 1.0x%NO +  1.0%CO

TABLE A.8.—COMPUTED RESULTS FOR TEST CASE 7 (PROPANE-AIR PSR PROBLEM
WITH MOLECULAR REACTIONS ADDED TO GLOBAL MECHANISM OF CASE 6)

%% DATA LINES x

1 2 3 4 5 [ 7 3
CC 12345678901234567890123456789012345678901236567890123456789012345678901234567890

g;gsAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7
&rtype global=.true.,gronly=.false., mrprev = . false.,
wradd=.true., &en

0 + W20 = ©H + OH 6.8E+13 0. 18365.
H + 02 = OH + ¢ 1.89E+14 0. 16400.
0 + H2 = OH + H 4.20E+14 0. 13750.
H +  HO2 = H2 + 02 7.28E+13 ©. 2126,
0 + HD2 = OH + 02 5.0E+13 O, 1000.
Ho2 + OH = H20 + 02 3.0E+12 0. 0.
H + HO2 =2.00H 1.36E+14 O, 1078.
H2 + HO2 = H202 + H 7.91E+13 0. 25000,
OH +  H202 = H20 + HO2 6.1E+12 0. 1430,
HO2 + HO2 = H202 + 02 1.8E+12 0. 0.
H + H202 = OH + K20 7.8E+11 c. 0.
M + H202 =2.00H 1.64E+17 e. 45518,
THIRDBODY

gﬁn 2.30 02 .78 H20 6.0 H202 6.6
H2 + Ol = Hz20 + H 4.74E+13 0. 6098.
H + 02 = HOo2 + M 1.46E+15 9, -1000.
THIRDBODY

E'zll) 1.30 N2 1.3 H20 21.3 H2 3.0
" + = H + OH 1.30E+15 8. 105140.
THIRDBODY

4.00 o2 1.5 H20 20.0 N2 1.5

END
H + 0 = OH + M 7.1E+18 -1. 0.
M + H2 = H + H 2.2E+1¢ 0, 96000.
THIRDBODY

gﬁn > 4.10 o2 2.8 H20 15.0 N2 2.0
M + 02 = 0 + 0 1.80E+18 -1. 118020,
co + 0 >  Co2 : 8.43E+D9 -.001 1000,
END co2 > co + 0 9.02E+18 ~1.84%- 130754.

- BLANK LINE -
TIME C3H8
&PROB HWELSTR=.TRUE., &END
&KWSPROB

DELMD= 100., DOTMAX= 1160.,MPR=1,
VOLUME= 500., ZEND
&START T= 800.,P=5.5,MDOT= 140.0, eratio =1.5, scc = 3.0, sch = 8.0, &END

RESEARCH CENTER

H U

ACTIVATION
ENERGY
18365.00
16400.00
13750.00
2126 .00
1000.00

0.00
1070.00
25000.00
1430.30

0.0D
45510.00
6098.00
~1000.00
105149.00
0.00
96000.00
118020.90
1000.00
130756.00
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TABLE A.8.—Continued.

27 1.0%CN + 1.0%ND > 1.0%C0 +  1.0%N2
28 2.0%CH2 + 1.0x%N2 > 2.0%CN +  2.0%H2
29 1.0%CH2 + 1.0x%02 > 1.0%CD +  1.0%H20D
30 1.0x02 + 1.0%C3H8 > 3.0XCH2 +  2.0%0H
31 1.0%H2 +  1.0%02 > 2.0%0H
32 1.0%C3HS +  2.0%04 > 1.0%H20 +  1.0%C3H8 + 1.0x0
33 1.0%0H + 1.0xH2 + 1.0%02 > 1.0xH20 + 1.0x0 + 1.0%0H
34 1.0%H20 +  1.0%0 > . 0%H2 +  1.0%02
REACTION REACTANT EXPONENTS REACTION RATE VARIABLES
NUMBER REXP 1 P2 REXP 3 N ACTIVATION
ENERGY
21 0.000 1.000 1.000 4%.90000E+10 0.1800 =510.00
22 0.000 1.000 1.000 1,30000E+05 1.3100 -7000.00
23 0.000 1.000 1.000 4.41000E+10 0.1900 3527.00
249 0.000 1.000 1.000 4.00000E+14 0.0300 100000.00
25 0.000 0.000 2.000 2.00000E+11 0.0000 38008.00
26 0.000 1.000 1.000 8.30000E+11 0.0000 0.00
27 0.000 1.000 1.000 1.25000E+12 0.0000 9.00
28 0.000 1.000 1.000 5.00000E+13 0.0000 54000.00
29 0.0900 1.000 0.500 3.50000E+07 0.0000 5000.00
30 0.000 1.600 9.100 1.10000E+12 0.0000 41000.00
31 0.000 1.000 1.000 1.00000E+00 0.0000 4%9080.00
32 0.000 0.150 1.000 1.98000E+0¢§ 0.0000 4000.00
33 1.00 0.000 1.000 9.60000E+11 -0 1000 1013.00
34 1.0 1.000 4.908000E+10 ~510.00
% N,EH INPUT DATA GIVEN IN COS UNITS ex %% OUTPUT REQUIRED IN CGS UNITS .3
¥% ASSIGNED VARIABLE PROFILE xx
HELL - STIRRED REACTOR CASE
VOLUME OF REACTOR = 5.00000E+02 CMxx3
MASS FLOW RATE TO START ITERATION = 1.40000£+02 G/5
ASSIGNED MASS FLOW RATE PROBLEM: MASS FLOW RATE INCREMENT = 1.00000E+02 G/S
MAXIMUM MASS FLOMW RATE = 1.16000E+03 G/5
FUEL-AIR REACTION, FUEL~AIR EQUIVALENCE RATIO = 1.5000 OXYGEN FRACTION IN AIR = ©.2095
NUMBER OF REACTING SPECIES: 15
NUMBER OF INERT SPECIES: 1
¥x INITIAL CONDITIONS x
TIME  0.00000E+00 SEC AREA 8.00000E+00 SQ CM AXIAL POSITION 0.00000E+08 CM
FLON PROPERTIES INTEGRATION INDICATORS
PF(ZE%'?;RE 5.50000 STEPS FROM LASY PRINY 0
VELOCITY 0.00 AVERAGE STEP SIZE 0.00000E+00
(CM/SEC)
DENSITY 2.50173E-03 METHOD ORDER 2
{G/CMxx3)
TEMPERATURE 800.00
"?gfsgtl:?" RATE 1.40000E+02 TOTAL MUMBER OF STEPS ]
ENTROPY 1.8011 FUNCT EVALUATIONS L
(CAL/6/DEG K)
MACH NUMBER 6.0000 JACOBIAN EVALUATIONS (]
GAMMA 1.2701
ENTHALPY 9.23468E+01
(CAL/G)
SP. HEATY (CP) 3.12968E-01
(CAL/G/DEG K)
CHEMICAL PROPERTIES
SPECIES CONCENTRATION  MOLE FRACTION NET SPECIES PRODUCTION REACTION  RATE CONST  NET REACTION CONV RATE  NET RATE/POSI-
(MOLES/CM%x3) RATE (MOLE/CMX%3/SEC) NUMBER CGS_ UNITS (MOLE-CM*X%3/GX%2/SEC) TIVE DIR RATE
H20 0.00000E+08 0.000DOE+00 O.DODDOE 1 6.5377E+ .00000E+00 6.000G00,
o 0.00000E+0D 0.00000E+00C 3.57038E-26 2 6 .2565E+09 0.00000E+00 0.006000.
H2 0.00000E+00 0.00000E+0DD 0.0000CE+00 3 7.3608E+10 0.00000E+00 0.00000
02 1.65148E-05 1. 12E-01 -4 .558G2E-08 5 1.9113E+13 0.00000E+00 0.00000
co 0.00D0DE+0OD 0.00000E+D0 1.86163E~-30 5 2.6655E+13 0.00000E+00 0.00000,
co2 2.36493E-08 2.82264E-04% ~1.86163E-30 6 8.0000E+]12 0.00000E+00 6.00800:
N2 6.15566E-05 7.34706E-01 ~2.38549E-22 7 6.3359E+13~ 0.00000E+00 0.00000,
NO 0.00000E+00 0.00000E+G0 G.77099E-22 ] 1.1708E+07 0.00000E+00 0.00000.
CN 0.00000E+00 0.00000E+00 0.00000E+00 9 2.64813E+12 0.00000E+00 0.00000
CR2 0.00000E+00 0.00000E+00 1.36753E-07 10 1.8000E+12 0.00000E+00 08.00000
C3H8 4.95445E-06 5.91335E-02 ~4.55842E-08 11 7.8000E+11 0.00000E+00 0.00000,
OH 0.00000E+00 0.0DC00E+DOD 9.11685E-08 12 5.3163E+06 0.00000E+00 0.00000
R 0.00000E+00 0.00000E+0C 0.00000E+00 13 1.0230E+12 0.00000E+00D 0.00000
HO2 0.00000E+00 0.00000E+00 0.00000E+00 14 2.7387E+15 0.00000E+Q0D 0.00000
H202 0.00000E+00 0.00000E+0C 0.00Q00E+00 15 .G606E-14 0.00000E+00 g.p00000
R 7.34696E-07 3.76890E-03 0.0C000E+00 16 8.8750E+15 0.00000E+00 0.00000
17 1.3075E~12 0.00000E+00D g0.00000
18 1.2901E-17 2.85221E-21 1.00000
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TABLE A.8.—Continued.

19 §.4661E+09 0.00000E+00 0.00000
20 7.8718E-23 2.97650E-25 1.00000
21 2.2495E+11 0.00000E+00 6.00000
22 6.7500E+10 .00000E+0D 0.00000
23 1.7080E+10 0.00000E+00 0.00000
24 2.3465€E-13 3.81152E-17 1.00000
25 8.3160E+00 6.00000E+00D 0.00000
26 8.3000E+11 0.00000E+00 0.00000
27 1.2500E+12 0.00000E+00 0.00000
28 8.8483E-02 0.00000E+00 0.00000
29 1.5071E+06 0.00000E+00 g.go0c0
30 6.9297E+00 7.28341E-03 1.00000
31 3.9081E-14 0.00000E+00 0.60000
32 1.5992E+05 .00000E+00 g.60000
33 2.6015E+11 0.00000E+00 0.00000
34 2.2695E+11 0.00000E+00 0.00000
MIXTURE MOLECULAR WEIGHT 29.85916 TOTAL ENERGY EXCHANGE RATE 3.39759E-16 MASS FRACTION SUM 1.00000000
(CAL-CM%X3/Gxx2/SEC)
CPU TIME FOR INITIALIZATION OF LSENS = 0.516666 S

%XEQUILIBRIUM CONDITIONS %x

TIME 0.00000E+0¢ SEC AREA  0.00D00E+00 SQ CM AXIAL POSITION  0.00000E+00 CM
FLOW PROPERTIES INTEGRATION INDICATORS
Pgﬁ%ggRE 5.50000 STEPS FROM LAST PRINT 0
VELOCITY 8.00 AVERAGE STEP SIZE 0.00000E+00
(CM/SEC)
DENSITY 7 .3G828E-09 METHOD ORDER g
(GrCMxx3)
TEMPERATURE 2350.31
(DEG K)
Megssgégﬂ RATE 1.4000DBE+02 TOTAL NUMBER OF STEPS [
/7
ENTROPY 2.3604 FUNCT EVALUATIONS 0
(CAL/G/DEG K)
HACH NUMBER D.0000 JACOBIAN EVALUATIONS 0
GAMMA 1.2641
ENTHALPY 9.236463E+01
(CAL/G)

SP. HEAT (CP) 3.69083E-01
(CAL/G/BEG K)
CHEMICAL PROPERTIES

SPECIES EaNCENTRATIDN MOLE FRACTION NET SPEC!ES PRODUCTION REACTION RATE CONST  NET REACTION CONV RATE  NET RATE/POSI-

ES/CMex RATE. (MOLE/CMxx3/SECY  NUMBER CGS UNITS  (MOLE-CMxx3,/GXx2/SEC) TIVE DIR RATE
H20 4.05534E-D6 1.42200E-01 8 67144E-03 1 1.3329E+12 ~7.60162E-04 0.00080
0 2.17893E-10 7.66039E-06 -2.74022E-04 2 5.64924E+12 -2.68460E-05 0.00000
H2 1.73940E-06 6.09920E-02 ~8.55648E~03 3 2.2116E+13 -6.59110E-04 0.00000
02 2.11927€-10 7.43118E-06 3.89333E-04 4 4.6178E+13 1.43032E-06 0.00000
co 3.10378E-06 1.08834E-01 8.94626E~03 5 G.0363E+13 7.03729E~09 0.00000
v02 1.26895E-06 4.494958E-02 ~8.94626E-03 é &.0000E+12 1.29043E~07 0.00000
4 -~ 1.80796E-05 6.33959€E-01 ~1.03608E-07 7 1.0656E+14 - 2.244999E-06 0.00000
NO 2.66686E~09 9.28118E-05 8.94819E-10 8 3.7453E+11 1.99374£E-01 0.42297
CN 7.36828E-14 2.57667E-09 2.16320E-07 9 %.4911E+12 ~6.86707E-03 0.42297
CH2 7.34828E-14 2.57667E-09 -2.0%669E-07 10 1.8000E+12 2.15231€-07 0.642297
C3H8 7.364828E-14 2.57667E-09 ~2.73798E-09 11 7.8000E+11 -2.901648E-03 0.42297
OH 1.53281E-03 5.37479E-04 -2.76262E-04 12 8.6429E+12 =4.30001E+01 0.42297
H 3.72907E-08 1.30759E~03 2.13187E~07 13 1.2865E+13 1.96110E-01 0.00000
HOo2 3.90703E-13 1.37000E-08 ~1.11365E-07 14 1.3086E+1S 3.66684E-06 0.00000
H202 7.34828E~14 2.57667E-09 2.33318E-05 .15 2.1738E+05 ~5.10833E-04 0.00000
AR 2.15801E-07 7.56703E~03 0.00000E+00 16 3.0209E+15 2.93337€-06 0.00000
17 2.6038E+05 -2.10296E-04% 0.00000
18 8.1234E+03 -2.35297E-10 0.00008
19 6.7526E+09 8.65730E+00 1.00000
20 3.9510€E+00 9.28491E+00 1.00000
21 2.2102E+11 3.61677E+02 1.00000
22 1.5172E+10 3.53653E+05 1.00008
23 9.0570E+10 3.70220E105 1.00000
26 2.5376E+05 1.80064E-03 1.00000
25 5.8566E+07 7.59605E-04 1.00000
26 8.3000E+11 2.66114E-05 1.00000
27 1.2560E+12 4.50252E-04 1.0000¢
28 4.7603E+08 1.17122E-03 1.00000
29 1.1999E+07 2.37704E-05 1.00000
30 1.6939E+08 5.07039E-03 1.00000
31 2.7300E-05 1.86371E-14 1.00000
32 8.4084E+05 2.55717€E+02 1.00000
33 3.5560E+11 2.13927E+00 1.00000
34 2.2102E+11 3.61677E+02 1.00000
MIXTURE MOLECULAR WEIGHT 25.76666 TOTAL ENERGY EXCHANGE RATE 1.05177E+05 MASS FRACTION SUM 1.000060010

(CAL-CMxX3/G%%2/SEC)

COMPUTATIONAL WORK REQUIRED FOR EQUILI!RIUH CALCULATION:
NO. OF ITERATIONS = 12 CPU TIME = 35.333282E-02 S
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TABLE A.8.—Continued.

INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE =  2350.31 K:
H20 5.51876E-03
0 2.96523E~-07
H2 2.36709E-03
02 2.88403E-07
Co 4.22382E-03
Cco2 1.72687E~03
N2 2.46033E-02
NO 3.60201E-06
CN 1.00000E-10
CH2 1.00000E~10
C3H8 1.00000E-10
o4 2.08595E-05
H 5.076475E-05
HD2 5.31693E-10
H202 1.00000E-10
AR 2.93675E-04
(HSR) %%x% FOR CONV. NO. 1, CONVERGED TEMP. (AFTER 17 ITERATIDNS) IS GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. Xxx
MASS FLOW RATE = 1.640000E+02 G/S, TEMPERATURE = 2.44550E+03 K, PREVIOUS TEMPERATURE = 2.35031E+03 K
CHSR) %% RESTART: MASS FLOW RATE = 2.80000E+02 G/S, TEMPERATURE = 2.35031E+03 K x
C(HSR) %% FOR CONV. NO. 1, CONVERGED TEMP. (AFTER 21 ITERATIONS) IS GREATER THAN OR EQUAL TO THE PREVIOUS TEMP, xxx
MASS FLOM RATE = 2.830000E+02 G/S, TEMPERATURE = 2.41196E+03 K, PREVIGUS TEMPERATURE = 2.35031€+03 K
C(WSR) %% RESTART: MASS FLOW RATE = 5.60000E+02 G/S, TEMPERATURE = 2.35031E+03 K xx
HWELLSTIRRED REACTOR CALCULATION....GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO
PRESSURE ATH 5.50000 5.50000 1.00000
TEMP. DEG K 8a0.000 2342.37 2.92859
ENTROPY CAL/GM/K 1.80111 2.25627 1.25271
DENSITY GM/CMxx3 2.50173E-03 8.03853E-04 0.32132
ENTHALPY CAL/GM 92,3468 92.3468 1.00000
SP. HEAT (CP) CAL/GWK 3.12963E-01 3.76201E-01 1.20212
MOL. WT. OF MIXT 29.8592 28.0978
GAMMA 1.2701 . 5
SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00 0.00000E+D0 1.41886E-01 9.09717€E-02
[ 0.00000E+00 0.00000E+00 7.86184E-04 6.47668E-04
H2 0.00000E+00 0.00000E+00 6.16159E-03 4.42046E-049
02 1.97112E-01 2.11236E~-01 1.12561E-02 1.28166E-02
co 0.00000E+00 0.00000E+00 1.91345E-02 1.90750E-02
co2 2.82264E-04 4.16032E-04 9.07499E-02 1.42142€E~01
N2 7.34709E~01 6.89288E-01 6.90019€E-01 6.87946E-01
NO 0.00000E+00 0.00000E+00 3.92059€E-04 4.18636E-04
CN 0.0000DE+0Q 0.00000E+00 2.29878E-03 2.12860E-03
CH2 0.00000E+00Q 0.00000E+00 6.28177E-03 3.13594€-03
C3H8 5.91335E-02 8.73286E-02 1.62655E-02 2.56954E-02
OH 0.00000E+00 0.00000E+00 5.27503E-03 3.19292E-03
4] 0.00000E+00 0.00000E+00 1.25505€E-03 4.50232E~05
HO2 0.00000E+00 0 G00C0E+00 8.693037E-06 9.90322E-06
H202 0.00000E+00 .0D000E+00 4.644359E-07 5.37925E-07
AR 8.76890E-03 173175—02 8.25163E-03 1.17317€-02
VOLUME 500.000 CMx3 MASS FLO 560.000 GM/SEC
MDOT/VOLUME = 1.12000 RESIDENCE TIME = 0.718 MSEC  ITERATIONS = 17
NELLSTIRRED REACTOR CALCULATION....GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7
INITIAL STATE FINAL STATE FINAL/INITIAL RATIO
PRESSURE ATH 5.50000 5.50000 1.00000
TEMP. DEG X 800.000 2192.26 2.74932
ENTROPY CAL/GM/K 1.30111 2.23090 1.23863
DENSITY EM/CMXX3 2.50173E-03 3.61527E-04 0.364437
ENTHALPY CAL/GM 92.36468 92.36463 1.00000
SP. HEAT (CP) CAL/GMW/K 3.12948E-01 3.73834E-01 1.19456
MOL. NWT. OF MIXT 29.8592 28.1779 -
GAMMA 1.2701 1.2325
SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT
H20 0.00000E+00 0.00000E+00 1.32976E-81 8.50163E-02
o 0.00000E+00 0.00000E+00 1.056479E-03 5.98908E-04
H2 0.00000E+00 0.00000DE+0D 3.60083E-03 2.57598E-04
02 1.97112€-01 2.11236E-01 2.23110E-02 2.53364E-02
co 0.00000E+00 0.00000E+00 1.16951E-02 1.16256E~02
co2 2.82264E-04 4.16032E-04% 3.83638E-02 1.38019E~01
N2 7.34704E-01 6.89283E-01 6.92506E-01 6.88463E-01
NO 0.00000E+00 0.00000E+00 1.91990E-04 2.04446E-06
CN 0.0000CE+00 D.D000CE+00 1.646599E-03 1.35360E-03
CH2 0.00000E+00 0.00000E+00 1.39672E~02 6.95280E-03
C3H8 5.91335E-02 8.73286E-02 1.73936E-02 2.72196E~-02
OH 0.00000E+00 0.00000E+C0Q 5,24581E-03 3.16621E-03
H 0.00000E+00 0.00000E+00 9.30158E~04 3.32733E-05
HO2 0.00000E+00 0.00000E+00 1.68549E-05 1.97433E-05
H202 " 0.00000E+0D 0.00000E+00 9.35949E-07 1.12982E-06
AR 8.76390E-03 1.17317E-02 8.27515E-03 1.17317€E-02



TABLE A.8.—Concluded.

VOLUME 500.000 CMpex3 MASS FLO

MDOT/VOLUME =. 2.12000 RESIDENCE TIME =

INITIAL STATE

PRESSURE ATH 5.50000
TEM DEG K 800.000
ENTRDPY CAL/GM/K 1.80111
DENSITY GM/CHXX3 2.50173E-03
ENTHALPY CAL/GM 92,3468

SP. HEAT (CP) CAL/GM/K 3.12963E-01
MOL. WT. OF MIXT 29.8592
GAMMA 1.2701
SPECIES MOLE FRACT

H2o 0.00000E+00

0 0.00000E+0D

H2 0.00000E+00

02 1.97112E-01

co 0.00000E+00

co2 2.82264E-04

N2 7 .364704E-01

NO 0.00000E+00

CN 0.00000E+00

CH2 0.000C0E+00

C3Hg 5.91335E-02

OH 0.00000E+00

H 0.00DO0E+0OD

HOZ2 0.00000E+00

H202 0.00000E+00

AR 8.76390E-03-

VOLUME 500.000 © CMxX%3 MASS FLO

MDOT/VOLUME = . 2.32000 RESIDENCE TIME =

{LSENS)

(LSENS)

1060.00

GM/SEC

0.406 MSEC  ITERATIONS =
WELLSTIRRED REACTOR CALCULATION....GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED

MASS FRACTY

0.
0.
0.
2.
0.
6.
6.
0.

0.

0.
8.
0.
0.
0.
0.

00000E+00
00000E+D0
00000E+00
11236E-01
DOVOOE+00
16032E-04
89288£-01
00000E+00
00000E+DD
00000E+00
73286E-02
00000E+00
0000CE+00
B0DCOE+00
00000E+00

1.17317€-02
1169.00

0.378 MSEC  ITERATIONS =

COMPUTATIONAL WORK REQUIRED FOR PSR CALCULATION:-

NO. OF ITERATIONS =

END OF THIS CASE

= 1.833334E+00 S

TOTAL CPU TIME (INCLUDING I-0) REQUIRED = 2.400001 S

READ DATA FOR NEXT CASE

G

H

CASE 7
FINAL STATE FINAL/INITIAL RATIO
5.50000 1.00000
2154.84 2.69355
2.22440 1.23502
8.76949E-04 0.35054
92.3468 1.00000
3.73152E-01 1.19238
28.1927
1.2329
MOLE FRACT MASS FRACT
1.307643E~01 8.35451E-02
1.07475E~03 6.09921E-04
3.10814E-03 2.22234E~06
2.56944E~02 2.89362E-02
1.07071E-02 1.06379E-02
8.70521E-02 1.35891E-01
6.93073E-01 6.88665E-01
2.14869E-05 2.28689E-05
1.23144E-03 1.13644E-03
1.55665E-02 7.736G38E~03
1.77630E-02 2.77518E~02
5.07489E-03 3.06144E-03
8.30086E-04 2.96779E-05
1.90341E-05 2.23428E-05
1.07477E~06 1.29672E-06
8.27951E-03 1.17317€-02
GM/SEC
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